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ABSTRACT OF THE DISSERTATION
Isolation of the soluble C-Terminus of the BKca channel a subunit
by
Wilton Remigio
Doctor of Science, School of Allied Health Professions
Loma Linda University, June 2010
Dr David Hessinger, Chairperson

The last 20 years of research into ion channels has unraveled unexpected features
of the BKca channel as a rheostast for cell activity in excitable tissues and
homeostatically fine tuning many biological activation processes in the cell. Great
attention has been dedicated to the allosteric regulatory mecanisms by which the BKca
channel is activated or inhibited. Most of these mechanisms point to the involvment of
cytoplasmic, C-terminal, ‘tail’ domain of the channel. Many laboratories have cloned
portions of the ‘tail’ domain in an attempt to to study specific regulatory sites. Very little
is known about the BK ‘tail’ structure, and functional studies have been the leading
approach into understanding the diversity of modulation present in the ‘tail’ domain. Our
lab was interested in isolating a natively expressed BKca from a GH3 cells. Immunoblots
using lystes of GH3 cells unexpectedly revealed a 70 kDa BK ‘tail’ like protein because
it reacted with anti-BK antibodies. We determined that the high-speed supernatant
fraction of these GH2 cell lysates was enriched with this 70 kDa protein. We then
endeavored to isolate this protein using immunoprecipitation and affinity
chromatography. Results show that our affinity column using the dye Cibacron blue and
elution NAD buffer at low pH was able to isolate this 70 kDa protein. Further
investigation is needed to determine the pH dependence of this affinity column approach

xin

and the sequence of this protein. If proven to be the ‘tail’ of the BKca channel,
purification of this protein will open doors for subsequent biological experiments to
determine how different ligands such as diatomic gases may interact with the channel,
and elucidate mechanisms regarding the channel’s sensitivity to gaseous ligands, amongst
others.
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CHAPTER ONE
INTRODUCTION

Voltage Gated Ion Channels
One defining characteristic of living organisms is excitability (the ability to
respond to a stimulus). Explaining excitability was once viewed as an important step in
understanding the basis of life. Indeed, the study of excitability allowed us to understand
how information is created and used in the body. What we know as ‘excitability’ in
contemporary biology derives from early observations on sensitivity (sensory detection of
a stimulus) and irritability (the response to a stimulus with movement). These phenomena
were first described in 1752 by the Swiss physiologist, Albrecht von Haller, whose ideas
were considered a conceptual advance (Piccolino, 1997).
In the light of the naturalists, the search for properties that defined life were
restricted to visually observable phenomena. The questions being asked related to what
operant forces could account for movement in animals and man. In order to provide this
answer, notions regarding the presence of energy in living systems took center stage.
Scientists of that time developed and conducted several experiments devoted to the
exploration of the energy that, according to these researchers, made higher order animals
move (Cajavilca, Varon, & Stembach, 2009). One important observation that came from
these early experiments was that the effect of stimulating a sensory structure depends
upon the type of structure being stimulated and not on the characteristics of the stimulus,
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a prevailing thought at the time (Piccolino, 2000). What was still unknown was that the
sensory structures (‘receptors’) were electrogenenic and that the responding tissue was
capable of storing, encoding and decoding stimulatory information (Grimnes, 2008;
Piccolino, 2000).

Biological Excitability
Living organisms, including humans, generate electrical activity. Many deep
ocean life forms, such as sharks, some tropical fish, and platypus have cephalic voltage
sensing organs that allow them to detect electrical activity emanating from living or
dying creatures (Ahlbom, 2004). In a similar fashion, the electroencephalogram and the
electrocardiogram allow us to detect biopotentials of the brain and the heart. The transient
flow of charge in these organs is ionic in nature and dependent on properties of
specialized cell membranes that surround each of the cells (Talwar, 2003).
Cell membranes are mosaic lipid bilayers containing fully or partially embedded
proteins (Fig.l). While lipids form effective insulators to restrict polar ions and molecules
from diffusing across the membrane, certain membrane-bound proteins are capable of
transiently mediating rapid ion conduction through the membrane. These switchable
proteins are called gated ion channels. The question of how energy, in the form of
electromotive gradients, builds up has intrigued investigators for 300 years. Galvani’s
demonstration in the 1700’s showing that muscle contraction in the dissected frog could
be elicited without direct contact of metal with the inervating nerve has been considered
the ‘most capital experiment of electrophysiology’ (Piccolino, 1997). Galvani suggested
that energy is intrinsic to the body and that it is in a state of ‘disequilibrium’, ready to
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Figure 1. Schematic representation showing the relation of intrinsic proteins to membrane
bilayer. Encyclopaedia Brianaica, Inc. web addres: http://media-2.web.britannica.com/ebmedia/74/53074-004-9F65D813 .jpg

respond to an external or internal stimulus (Piccolino, 1997). These concepts, further
clarified by Matteucci’s studies (1828-1844) on demarcation potential and action current
in muscle and nerve, paved the way for the development of modem electrophysiology
(Momzzi, 1996). Building on this work and on the equation developed by Nemst, Julius
Bernstein (1839-1917) provided the first quantitative report of an action potential and
proposed a “membrane hypothesis” (1902), predicting that electrical potentials arise from
concentration gradients. He also measured the speed of propagation of a nerve impulse in
relation to the electric field created around that nerve (Seyfarth, 2006).

The Emergence of Biopotentials
In mammals, the interstitial fluid comprises the medium in which cells are bathed.
The fluids in the extracellular and intracellular compartments are rich in ions and are
osmoticaly balanced. However, the differences between these fluids are more striking
3

than their similarities. Outside of the cell, Na+and Cf predominate, while in the
cytoplasm K+ and organic anions (A') prevail. The cytoplasm and the extracellular fluid
are electrically neutral with an equal number of positive and negative charges. However,
immediately adjacent to the inner membrane, an excess of negative charges accumulate.
Similarly, on the extracellular side of the membrane, positive charges collect. Since this
charge imbalance is circumscribed by the borders of the membrane, the membrane likely
is responsible for this. This was predicted by Luigi Galvani three centuries ago, but not
established until, at least, the advent of the cell theory (Piccolino, 1997).

Separation of Charge and Generation of a Resting Potential
The accumulation of opposite charges along both sides of the cell membrane
makes the inner membrane surface negative in relation to the outer. For charge separation
to occur, one must first have a diffusional barrier to the passage of ions, in this case, the
cell membrane (Hessinger, unpublished notes). Secondly, a gradient of ionic
concentration must be actively established. This is accomplished by a membrane
molecular pump that concentrates K+ on the inside and Na+ on the outside. Thirdly, the
membrane must allow selective permeability to at least one kind of ion. By permiting one
kind of ionic charge to leave, a potential gradient across the membrane is created by the
unequal separation of ionic charges. By definition, a potential difference between two
points relates to the work done against electrical forces to carry a unit charge from one
point to the other (Talwar, 2003). These intracellular biopotentials were first measured
using glass micropipettes in muscle cells and in the giant axon of the squid in the late
1940’s (Kandel, Schwartz, & Jessell, 2000). These developments ushered an era of
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electrophysiological studies in which bioelectrical phenomenon could be observed in real
time, in vivo and ex vivo.
The diffusional component allowing for charge separation at the membrane arises
from potassium (K+) “leak” channels (inward rectifiers). These pore-like structures let K+
diffuse down its concentration gradient, as they are continuously open (non-inactivating).
According to the laws of diffusion, Na+ and Cf tend to enter the cell while K+ has a
tendency to leave the cell because of the striking differences in their concentrations
between the two compartments. As positive K+ leaves the cell the immediate space along
the inner membrane is left with a predominance of negatively charged ions, which cannot
diffuse out, and an electrical potential builds up. Potassium ions Teak out’ by diffusion
along their chemical concentration gradient. However, this leak is progressively
constrained by the build up of negative charges that are left behind, thereby creating an
electrostatic gradient in the form of an electrical potential. At some point the developing
electrical forces effectively compete with the chemical diffusional forces and, thus, net
movement of K + stops. At this point, the membrane potential describes the K+
equilibrium potential where chemical and electrical forces equally oppose each other to
stop any further net K+ movement.
One important consideration is the way by which concentration gradients are
created in the first place. It is difficult to explain this by evoking passive processes. Early
experiments established that when tissue is cooled, and local metabolism is reduced, cells
have a tendency to gain an excess of Na+ and loose K+ with both ions moving along their
concentration gradients. This led to the assumption that some active process is involved.
Studies on red blood cells and the squid axon later confirmed these suspicions (Talwar,

5

2003). This membrane-bound molecular pump is known as the Na/K ATPase (NKA).
Numerous studies have been conducted characterizing the different isoforms,
phosphorylation requirements, and nature of the currents conducted by the NKA (Ipump)
(Bers & Despa, 2009; Bossuyt, et ah, 2009; Kometiani & Jariashvili, 2000). The NKA
couples the extrusion of internal Na+ from the cell while injecting K+ from outside the
cell against their concentration gradients. By virtue of the molecular structure of this
transporter, the exchange favors more Na+ ions carried in, than K+ ions carried out.
Despite the incessant activity of the NKA, its contribution to membrane voltage is
modest. The ongoing currents, however, establish a ‘steady state’, where the
concentrations and voltages are unvarying in time, but the system is prevented from
equilibrium (Talwar, 2003). Some estimate that up to 70% of the ATP formed in
excitable cells is used to restore the ‘resting’ state of these membranes (Kill, 1971).
The gradients of Na+ and K+ established by the NKA, as shown in Table 1,
underwrite the ‘leakage’ of charge that keeps the membrane on the inside negative in
relation to the outside . On account of this, and because there is no way for ions to move
across the membrane except by using specialized pores, the membrane itself is the sole
factor monitoring or allowing any eventual movement of these ions between
compartments. The membrane, thus, is the vehicle that determines cell excitability. Both
the chemical gradient (concentration dependent) and the electrical gradient (charge
dependent) operate to create the membrane potential. Chloride (Cf), present on both
compartments, behaves in a similar way. Choride wants to enter the cell because of its
concentration gradient, but the negative charges inside the membrane impedes its
diffusion into the cell resulting in an electrochemical equilibrium (Pocock & Richards,
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2006). The case for Na+ outside and polyanions (A’) inside is quite different in that both
the concentration and electrostatic gradient act in the same direction. Thus, there is a
strong tendency for Na+to diffuse into the cell and for anions (A') to diffuse out.
However, the impermeability of the membrane to these two substances precludes this
movement (Guyton & Hall, 2006). Potassium ions in the quiescent cell dictate to a great
extent the nature and magnitude of the membrane resting potential in the majority of
situations.
In summary, cells are separated from the environment by a selectively permeable
membrane. Ions will move across this membrane by diffusional and voltage gradients.
Leak channels allow minute amounts of K+ to diffuse down its concentration gradient,
making the inner membrane more negative (separation of charge). The tendency for K+to
run out of the cell due to its high concentration on the outside is offset by the electrostatic
pull of the non-diffusible negative charges inside the cell. The point where the chemical
and the electrostatic forces impede any further extrusion of K+ is known as the K+
equilibrium potential. In most cells the resting potential on the cell is dictated by the
equilibrium potential because most cells are selectively permeable to K+ (Hessinger,
unpublished notes). Pumps maintain the concentration gradients by pumping K+ in and
Na+out, perpetuating a chemical concentration disparity. An understanding of how
biopotentials emerge in cells is of fundamental importance to the understanding of how
ion channels are involved in membrane excitability.

7

Table 1. Approximate ionic composition of the intracellular and extracellular fluid of
mammalian muscle (Guyton & Hall, 2006).
Ionic Species
+

Na
K
Ca2+

cr

HOV

Extracellular fluid (mM)
145
4
1.8
114
31

Intracellular fluid
(mM)
20
150
c. 2 x 104
3
10

Nemst equilibrium
Potential mV
+53
-97
+120
-97
-30

Impulse Propagation
The channels that let K+ ions leak out of the cell are primarily concerned with the
generation of resting potentials across the membrane of the unstimulated cell. Various
other channels are present with high specificity for different ions and confer to the cell
the ability to respond by functional excitation or inhibition. These membrane channels
can rapidly modulate changes in the electric field of the membrane and modify the
potentials at rest (Latash, 1998). This phenomenon, observed in single cells, can be
reproduced in much larger scale, where transient changes in membrane voltage spread
over extensive distances and allow for exchanging of information within a system. The
quintessential example of this phenomenon is seen on the nerve cell. The axon of higher
animals displays cable properties allowing information to travel long distances inside the
body (Rhoades & Tanner, 2003). The membrane of the axon, the axolemma, is similar to
the cell membrane described previously. It is bathed in extracellular fluid rich in Na
ions, while the inside, the axoplasm, is rich in K+ ions. The distinct concentration
gradients of Na+ and K+represent independent potential energy sources. Typically, the
resting potential in excitable cells, such as muscle and nerve, is on the order of -70 to -90
mV, and around -35 mV for non-excitable tissues (Pocock & Richards, 2006).
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Transmission of information along nerves using electrochemical signals follow, in
many ways, an anologous pattern seen in electrical wire-based systems. The first
requirement for a message to be sent to a destination is the presence of a power source. In
the case of the axon, there is sufficient voltage to drive an impulse in the resting
membrane. However, since bioelectricity needs to travel long distances in the body any
signal would be lost along this path, overcome by the background thermal noise. To
avoid this loss, energy sources must be distributed along the entire pathway to maintain
signal conduction. There are potentially no limits to the length of a path if energy sources
are thus distributed along the path, similar to a line of upright dominoes. However, a line
of dominoes can only convey a one-time signal, until energy is provided that can restore
the dominoes upright again for a second event. This impasse obviates the need for two
sources of energy. One to start the dominoes down the line, and one to restore them
upright.
A strategy such as that is used by some cells to propagate initiated messages. The
stimulus spreads because electrical fields, once established, will spread (Latash, 1998).
The nerve or muscle fiber is maintained in a metastable, high-energy state, far from
thermal equilibrium. In fact, although the potential is referred as ‘resting’, the true picture
conveys a rather exceptional tension (Rhoades & Tanner, 2003). The calculated electric
field, E across a membrane 5-7 nm thick, L, can be shown in the equation: E = V/L.
Since the V is known to be -70 mV and Z = 5 nm = 5 x 10'9 m, the electric field is
n

approximately on the order of 10 V/m (Latash, 1998; Sverre Grimnes, 2008). This is
more than a thousand times higher than the electrical field under a large power line
("Electromagnetic fields," 1996).

9

It becomes evident that an axon membrane suspended in such an energy dense
state needs only a very slight stimulus to produce a wave that brings the entire never fiber
rapidly to a lower energy state (Kandel, et ah, 2000). A portion of the energy made
available in this process is passed to neighboring sections to carry the stimulus wave
farther. This process has been called the fast Na+ system and involves the influx of Na’
ions across the plasmalemma and into the cytoplasm. Subsequent to this fast wave of Na
depolarization another wave is necessary to restore the membrane to its “resting” or
“excitable” state (Pocock & Richards, 2006). This is accomplished by the K+ system.
This can be compared to an energy source required to set the dominoes back up in place
and ready for a second knock down.
In summary, the perturbations created in the resting potential initiating a fast
spread along a neural path is known as the action potential. The action potential is the
single most important unit of information transmission in the nervous systems of animals.
Impulse propagation can be compared to a line of upright dominoes and depends both on
energy to topple and energy to restore this line back up. This is accomplished by
modulation of the basic potential present across the cell membrane. The membrane
components responsible for these fast changes in membrane potential are termed ion
channels.

Membrane Ion Channels
Bernstein was the first neurophysiologist to hypothesize that the membrane
potential was related to the permeability of ions inside the cell. He was able to measure
the time course of an action potential (in milliseconds), which ruled out the idea that this
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could be brought about merely by passive mechanisms present in the membrane
(Seyfarth, 2006). It was the landmark paper by Cole and Curtis, using the squid axon, that
established the transient large decrease in membrane resistance as the basis of implulse
propagation and not a change in capacitance (Bezanilla, 2008). The most important
breakthrough came with the monumental studies of Hodgkin and Huxley predicting in
1952 that ions cross the membrane in a single active patch (Hodgkin & Huxley, 1952).
The idea that there were discrete paths for Na+ and K+to travel in the membrane was
finally confirmed with studies using toxins, such as tetrodotoxin (TTX), to selectively
block ion conduction. Selectives toxins could block K+ without any change in Na+
currents (Bezanilla, 2008). The ion channel concept became established and the
challenges that followed had to do with understanding the molecular structure of these
channels.
Ion channels are typically described in terms of their selectivity and their gating
properties. Selectivity takes into consideration the distribution of charges around its filter,
a key element responsible for attracting specific ion species. Gating properties describe
the kind of stimulus that can open or close its permeation pore. Regarding gating
properties, ion channels can be loosely categorized into the ligand-gated, mechanosensitive, and voltage-gated channels. Ligand-gated ion channels recognize and respond
to specific molecules in the external environment of the cell and comprise a broad
category of ion channels. Mechanistically, upon attachment of certain ligand molecules,
the ion channel undergoes a conformational change and starts or stops conducting ions
across the membrane.
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One type of mechano-sensitive channel responds to changes in temperature. A
canonical example is the temperature-sensitive, transient receptor potential vanilloid
(TRPV) family of ion channels abundantly present in epithelial tissues (Chung,
Andersen, & Krishnamurthy, 2007). TRPV1, channels a family subtype with a threshold
in the near noxious range (> 43° C), are typically activated by touching a hot surface with
potential to cause a burn (Malmberg & Bley, 2005). Upon skin contact, TRPV1
activation induces a rapid change in the channel’s structure resulting in increased influx
of divalent cations (i.e. Ca2+ and Mg2+) into the membrane of low and medium caliber
pain fibers in the skin. This thermo-sensitive mechanism allows some mammals and man
to exploit skin temperature for thermoregulation (Caterina, 2007).
Clinical subspecialties such as Physical Therapy routinely use electrical
stimulation to the skin as a way to introduce noise in the pain-perception neural pathway
(Robinson & Snyder-Mackler, 2008). The ability to intercept pain by evoking
neurocutaneous afferences through electrical or thermal stimulation may be explained by
the convergence of competing afferent currents into spinal and supraspinal neural fields.
This was proposed by Melzack in “The Puzzle of Pain” and is referred to as gate control
theory ofpain (Melzack, 1973). Temperature sensing also underlines behavioral reflexes,
such as sudden withdrawal of a hand from temperature gradients that supersede tissue
tolerance and threatens viability. These phenomena rely primarily and primordially on the
coupling between sensing and effector reactions based on the generation of action
potentials and opening of ion channels.
Mechano-sensitive ion channels also comprise a wide family of stretch-activated,
stretch-gated channels. These channels open and close in response to mechanical stimuli,
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changes in membrane tension, or hypo-osmotic shock (Bass, Strop, Barclay, & Rees,
2002; Ion channels, 2008). Athough our understanding of these channels has
substantially increased over the past few years, relatively little is known about them when
compared to other types of channels.
Channels that switch their conductivity on or off in response to changes in the the
membrane potential are classified as voltage-sensitive. Channels that react to both voltage
changes and ligands are also found in organisms (Chung, et al., 2007). The way
membrane bound ion channels respond to membrane voltage is at the heart of what can
be termed molecular excitability. The study of ion channels has made much progress
during the last 30 years. There has been a steady increase in the number of publications
within the last 50 years (Fig. 2) due to technological advances using biochemical, patch
clamp, and molecular strategies amongst others (Bezanilla, 2008). Voltage-gated and
ligand-gated channels comprise the largest categories of ion channels with critical roles in
biochemical processes of living organisms (Table 2).

Physiological Roles of Potassium Channels
Potassium channels are the main determinants of the resting membrane potential. They
can transiently alter the internal electrical environment of the cell in relation to the more
stable extracellular compartment. For example, K+ channels play critical roles in the
maintenance of vascular tone, (Bowles, Laughlin, & Sturek, 1998, p. 1; Bray den &
Nelson, 1992; Kamouchi, Kitazono, Nagao, Fujishima, & Ibayashi, 2002),
neurotransmitter release (Cibulsky, Fei, & Levitan, 2005; Hu, et al., 2001; Ling, Sheng,
Braun, & Braun, 2003), determining the frequency and duration of action potentials
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Table 2. Classification of the two major groups of ion channels found in the
plasma membrane of mammalian cells (Jon channels, 2008)
Ion channel

Selectivity

Activator

K+
Na+

Membrane
Membrane
Membrane
Membrane
Membrane

Voltage-gated channels
Potassium
Sodium
Calcium
Chloride
HCN
Ligand-gated channels
nAChR
GABAa,c
Glycine
5-HTj
AMPA
Kainate
NMDA
CNG
IP3R
P2X, P2Z

Ca2+

Cl~
Na+, K+
Na+, K+, Ca2+

cr

ci-

Na+, K+, Ca2+
Na+, K+, Ca2+
Na+, K+, Ca2+
Na+, K+, Ca2+
Na+, K+, Ca2+
Ca2+
Na+, Ca2+, Mg2+

potential
potential
potential
potential
potential

Ach, nicotine
GABA
Glycine, strychnine
Serotonin
Glutamate, AMPA
Glutamate
Glutamate, NMDA
cAMP
IP3
ATP

(Faber & Sah, 2003; Hu, et al., 2001; Lancaster & Nicoll, 1987; Shao, Halvorsrud, BorgGraham, & Storm, 1999), controlling endocrine secretion (Findlay, Dunne, & Petersen,
1985; Orio, Rojas, Ferreira, & Latorre, 2002; Wong, Lecar, & Adler, 1982), auditory
tuning (Art & Fettiplace, 1987; Art, Wu, & Fettiplace, 1995; Fuchs & Evans, 1990),
regulating urinary bladder function (Christ, et ah, 1998; J. Liu & Chen, 2004; Werner,
Knorn, Meredith, Aldrich, & Nelson, 2007), and airway tone (Adda, et al., 1996;
Semenov, Wang, Herlihy, & Brenner, 2006). Thus, potassium channels may be
considered the guardians of the electrical activity in the cell.
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The relevance of ion channels to health and disease can be better appreciated in
light of the current knowledge of how blood flow regulation underlies countless
processes that sustain human health. Control of blood perfusion in all tissues is subject to
an array of neural and local factors. These include, vasoactive substances, such as
acetylcholine, nitric oxide, different prostanoids, shear forces, tissue metabolites and
more (Himburg, Dowd, & Friedman, 2007; Kellogg, et al., 1998). However, the final
target of these upstream factors are the potassium channels.
Combined approaches have been able to test the activation properties of these
channels, the excitability level, gating currents, and under which circumstances they
show or fail of show activity under different gradients. In summary, voltage-sensitive
potassium channels are broadly diversified to help set up a ‘resting’ potential, re-polarize
and hyperpolarize the cell, and shape the voltage trajectories of action potentials.

The BKca Channel
The large-conductance (250-300 pS in symmetrical solutions containing!50 mM
I

t

2d-

• •

K ), voltage-activated and Ca -sensitive potassium channel (also known as “BKc a

>

“Maxi K”, “slol”, or “Kcal.l”) is ubiquitously distributed in tissues of different species,
with the possible exception of cardiomyocytes in mammals. The uniqueness of the BKca
channel is based on the rapidity to react to membrane electrical signals coupled with a
high conductance for K+. Functionally, the channel adjusts the electrochemical gradient
of the plasma membrane by virtue of its large conductance. Activation of the channel is
triggered by membrane depolarization. Additionally, this voltage dependant activity is
enhanced by increases in cytosolic Ca2+. Higher intracellular Ca2+ levels reduce the
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degree of depolarization required to actuate the channel (Brenner, Jegla, Wickenden, Liu,
& Aldrich, 2000). The synergy between these two stimuli couples the regulation of the
•

•

•

9-1-

membrane potential to changes in intracellular Ca levels.
Adequate expression levels of the channel are crucial to blood flow in skeletal and
smooth muscle. Down-regulation or dysfunction of the BKca channel activity, for
example, has been implicated in various disease states such as hypertension (Amberg and
Santana, 2003; Chang et ah, 2006; Kamouchi et ah, 2002; Michel et ah, 2007; NievesCintron et ah, 2007; Zhang et ah, 2005), erectile dysfunction (J. Liu & Chen, 2004;
Melman & Christ, 2001; So, Chae, & Lee, 2007; Werner, Zvara, Meredith, Aldrich, &
Nelson, 2005), and in metastatic disease, where silencing the hSlo gene (highconductance BKca promotes tumorigenesis (Cambien, et ah, 2008; Han, et ah, 2008;
Sontheimer, 2008; Wu, Lin, & Wang, 2008; Wu, Peng, et ah, 2008). Conversely, upregulation of the BKca channel activity in selected tissues is believed to confer protection
from various diseases (Brenner, et ah, 2005; Seibold MA, 2008). Age related changes in
BKca expression are attenuated with exercise (Albarwani, Al-Hashmi, Al-Abri, Jaju, &
Hassan, 2009). BKca channels have recently received attention as targets for novel drug
therapy (Schiff & Melman, 2006).
The BKca channel was first cloned from the Drosophila slowpoke locus. Its
sequence showed that it belongs to the voltage-gated K+ channel superfamily.
Biochemical isolation experiments using smooth muscle cells (SMC) demonstrated that it
is a protein complex formed by two integral membrane subunits: the pore forming asubunit; and the regulatory pi subunit. The expression of both subunits dictates
physiological outcomes, a fact that may be inferred from the reduction in myometrial
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BKca expression at the end of pregnancy in mammalians (Song, et ah, 1999). The BKCa a
subunit includes polytopic transmembrane segments (SO - S6). Segment SO has been
shown to have an exoplasmic NH2 terminus, (Meera, Wallner, Song, & Toro, 1997). This
region is also the determinant for |3 subunit modulation.
According to its sequence homology, the BKca channel is activated primarily by
voltage fluctuations. The BKca channel is also activated by elevated intracellular Ca2+
(Wei, Solaro, Tingle, & Salkoff, 1994). Calcium acts as a modulator, such that the higher
the internal Ca2"b concentration, the smaller the depolarization needed to activate the
channel’s voltage sensor. This produces a left shift on the conductance-voltage
relationship (G-V) of the channel (Fig. 3).

A o
1.0-

5
a o.8■o

§ 0-6O

P
0.40)
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O 0.0

Membrane Voltage (mV)
Figure 3. BKca channel activation by voltage, and Ca2+. The conductancevoltage (GV) relationship of mslol BK channel in zero (black), 2 (blue),
and 100 juM Ca2+ (green).
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Concerning the proposed membrane topologies for the BKca a and p subunits, BKca
channels are tetramers assembled from four pore-forming a subunits. Segments S0-S6 are
membrane-spanning domains. Segments 1-4 form the primary voltage-sensing domain
(VSD) and S5, P loop, and S6 organize the main ion permeation domain (Fig 4). The Cterminal cytoplasmic extension, or “tail”, comprises approximately two thirds (-800
amino acids) of the a submit (Hou, Heinemann, & Hoshi, 2009). This relatively large
‘tail’ is known to contain four hydrophobic segments. Two homologous structural units
are present on the cytoplasmatic extension termed Regulator of Conductance for K
(RCK1 and RCK2) domains.

Figure 4. Schematic of BKca topology showing different amino acid residues involved in
modulation of channel activity. (Hou, et al., 2009).
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Modulation of the BKca Channel
The previous decade has unraveled an unforeseen number of interactions between
proteins in the cell compartment that have introduced new paradigms in cell biology. The
discovery of many intracellular micro and macro domain networks have defined new
temporal and spatial features to these interactions and have proposed unorthodox cell
signaling pathways. These discoveries have uncovered new complexities for membrane
bound structures as targets for signaling (Miyakawa-Naito, et al., 2003).
From this perspective, molecules that display extended structures become
important receptacles of relayed information that transit through the cell’s pathway pools.
Such is precisely the case with the C-terminus of the BK channel. This ‘tail’ protein
(molecular weight of 70 kDa), is known to display a rich modulatory repertoire, whose
ultimate end point affects how the channel will behave in response to various stimuli. The
tail of the BKca channel has been sequenced in our lab from ovine fetal vascular smooth
muscle cells (X.Tao and D.Hessinger, GenBank: AAA92290). This C-terminal region of
the BK channel extends into the cytoplasm as a tail that constitutes about two thirds of its
sequence (-800 aa). It contains four hydrophobic segments that were originally thought
to be membrane spanning. However, immunohistochemical and in vitro translation
experiments have shown them to be intracellular (Meera, et al., 1997). The BK channel
tail can be described in terms of a proximal and a distal region. Proximally, the regulator
of conductance domains termed RCK1 in the homotetrameric structure of the channel are
thought to compose a gating ring. This inference was based on its resemblance to an
ortholog first found in Methanobacterium thermoautotrophicum, where it typically
adopts a specific folding topology termed the Rossman fold, which displays core (3
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strands sandwiched by a helixes (Jiang, et ah, 2002; Jiang, Pico, Cadene, Chait, &
MacKinnon, 2001). Distally, the C-Terminus is characterized by another RCK2 domain,
both with homology to other RCK domains and followed by a calcium binding domain
termed the ‘calcium bowl’ (Wei, et ah, 1994).
The BK channel is subject to modulation by a wide spectrum of biologically
active factors such as serine/threonine/tyrosine phosphorylation, cysteine/methionine
oxidation, steroid hormones, and gases such as oxygen (O2), nitric oxide (NO), and
carbon monoxide (CO) (Hou, Xu, Heinemann, & Hoshi, 2008a; Lang, Harvey, McPhee,
& Klemm, 2000; Wang & Wu, 1997). This modulation spectrum continues to expand as
new investigations advance to include ligands such as heme, reactive oxygen
species/nitrogenous species, and H+ (Hou, et al., 2009). The modulatory influences
directly impinging on the BK tail have been described and are briefly summarized below.

Calcium (Ca2+)
Intracellular Ca binding happens in a multi-site fashion and promotes channel
opening (Wei, et al., 1994). Mechanisms involved include conformational changes
affecting structure of the permeation pore, as well as leftward shifts in the sensitivity of
the channel to voltage. Several binding sites have been proposed in the C-terminus of the
BKCa channel as calcium-sensitive regulatory sites of which the most well established is
the “calcium bowf’ (downstream of RCK2). This region contains a cluster of aspartate
residues (Schreiber & Salkoff, 1997). Mutation of these aspartates reduces Ca2+binding
to the BKcatail domain to almost half and dramatically reduces Ca2+ sensitivity (Bian,

21

Favre, & Moczydlowski, 2001; Braun & Sy, 2001). These data also suggest that other
9-4-

residues contribute to Ca binding.
Each subunit of the BK channel contains two high affinity Ca binding sites
(Kd:0.8~l IpM) (Salkoff, Butler, Ferreira, Santi, & Wei, 2006). Potential candidate sites
are oxygen-containing residues positioned in the proximity of the five aspartate residues
within the Ca bowl (Wei, et al., 1994). More discussion on the allosteric mechanism of
Ca2+ dependent activation may be found in an insightful review by Karl Magleby
(Magleby, 2003). However, BKca calcium regulation has been called into question by the
demonstration that complete deletion of the channel’s cytoplasmatic “tail” did not abolish
calcium activation (Piskorowski & Aldrich, 2002), but this observation has not merited
any subsequent development in the literature. Nevertheless, the prevailing view supports
specific modulatory patterns of calcium activation and informs the field about the unique
sensitivity of the BKca channel to a wide range of calcium concentrations (Horrigan &
Aldrich, 2002).

Protons (H +)
Intracellular ion concentration is kept under tight control by several buffering
systems. Under pathologic conditions, however, pH may vary as much as one unit, for
instance, as in brain ischemia (Syntichaki & Tavemarakis, 2003). While increases in [H+]
typically decrease channel ionic current by a purported blocking action of H+ (Starkus,
Varga, Schonherr, & Heinemann, 2003), BKca channels, are known to be robustly
activated by intracellular [H+] (Maingret, Patel, Lesage, Lazdunski, & Honore, 1999).
Data indicates that intracellular H+ protonate the side chains of His365 and His394 within
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the high affinity Ca sensor site in the RCK1 domain and then the positively charged
side chains interact with Asp367. This interaction mimics somewhat the action of Ca2+,
expanding the gating ring and promoting opening of the pore (Xia, Zeng, & Tingle,
2002).

Carbon Monoxide (CO)
Carbon monoxide causes blood vessel dilation (H. Lin & McGrath, 1988). CO
can be synthesized in vascular smooth muscle by heme oxygenase.Much like NO, CO
binds to the heme of soluble guanylyl cyclase (sGC) and increases its activity, leading to
an increased level of cGMP and of phosphorylation by cGMP-dependent protein kinase
(PKG) (Roberts, Youn, & Kerby, 2004). Serine residues in Slol, when phosphorylated,
increase the probability of opening (P0) by several fold, but the precise mechanism is not
completely determined (Orio, et al., 2002). Other lines of evidence point to a direct CO
effect on the BKca channel implicating the channel itself as a gas sensor because PQ is
increased by direct application of CO onto excised membrane patches (Xi, et al., 2004).

Phosphorylation
BKca channel activity shows significant plasticity and heterogeneity in the way it
responds to cyclic-nucleotide-dependent protein kinases. In smooth muscle, as well as
many other tissues, PKA and PKG stimulate BK activity and PKC inhibits it by shifting
the voltage-activation curve (G-V curve). This could be a direct effect of phosphate group
binding. PKA and PKG are thought to act by reversible phosphorylation of consensus
sites in the distal C- terminus (Alioua, et al., 1998; Nara, Dhulipala, Wang, & Kotlikoff,
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1998). Phosphorylation levels and the relative proportions of of different kinases change
during development of the embryo in the ovine model and causes significant changes in
9-f-

Ca sensitivity (M. T. Lin, Hessinger, Pearce, & Longo, 2006). Alternative splicing also
modulates, to a large extent, the way the BK channels respond to phosphorylation (Tian,
et ah, 2001). Mounting evidence demonstrates that multiple ion channels are also
modulated by palmitoylation and the reader can find in the following references
informative data (Gubitosi-Klug, Mancuso, & Gross, 2005; Hayashi, Rumbaugh, &
Huganir, 2005). More recently, the presence of the splice variant containing the cysteine
rich ‘STREX’ exon causes the BK channel C-terminus to associate with the membrane
domain via protein palmitoylation. Phosphorylation by PKA in STREX variants
disengages this association (Tian, et al., 2008).

Heme
Heme is a prosthetic moiety of various hemoproteins, such as hemoglobin,
myoglobin, and cytochromes. Accordingly, heme must be synthesized and degraded
within an individual cell because it cannot be recycled between cells, except for senescent
erythrocytes. Emerging evidence suggests that free intracellular heme may function as a
non-genomic ligand, strongly modulating BKca channel activity (Tian, et al., 2008).
Heme has been shown to decrease P0 in the channel. Bioinformatic surveys implicate the
CKACH motif in the linker region between the cytoplasmatic RCK1 and RCK2 segments
as a conserved c-type heme binding site (Tang, et al., 2003). Mutations in the CKACH
motif disrupted the sensitivity of the channel to heme (Tang, et al., 2003; Williams, et al.,
2008). Horrigan et al. have isolated the contribution of important allosteric gating
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components in relation to the overall gating of the BKca channel. In summary, heme is a
modulator and not simply an inhibitor, in the sense that it increases P0 at negative
voltages and decreases P0 at more positive voltages. Mechanistically, heme may act by
expanding the RCK1-RCK2 linker segment, thereby impeding the VDS-gating ring
association that typically accompanies channel activation (Horrigan, Heinemann, &
Hoshi, 2005). Because heme in living systems is commonly a gas binding molecule, the
discovery of heme’s modulatory effects on the activity of the BKca channel raises the
possibility that bound heme in the BK channel acts as a gaseous sensor. In this view, BK
bound heme could reversibly bind O2, CO, and other diatomic gases. Thus, the BK
channel could be implicated in oxygen sensing. Bound heme could integrate a molecular
switch resting on the affinity of heme for different gases. These mechanisms could reveal
the BKca channel’s role in the sudden decrease in vascular resistance of the pulmonary
vasculature upon transition from intrauterine to atmospheric breathing at birth in
mammals. Moreover, gaseous sensing by the BKca channel may be implicated in
regulating blood flow in different metabolic states.

Oxygen Sensing
Panic and stress reactions are some of the early behavioral responses of animals
and man confronted with formidable reductions in O2 arterial pressure or low ambient
oxygen. Atmospheric O2 partial pressure (PO2) is ~21kPa (~162 mmHg) at sea level.
However, intracellular PO2 due to diffusion constraints may be a fraction of that (~10%)
in metabolically active tissues (Lopez-Bameo, et ah, 1997). In the sheep fetus for
instance, PO2 is 5 kPa (35-49 mmHg), much lower than that in the normal adult arterial
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blood (~ 12.6 kPa or 95 mmHg) (Ward, 2008). The body is equipped with a number of
mechanisms that help sense reductions in O2 and make physiological adjustments to
maintain adequate O2 supply. Maladaptations to a fall in PO2, however, are not
uncommon and can lead to cardiovascular pathologies. Conditions, such as chronic
obstructive pulmonary disease (COPD) or sleep apnea, are considered hypoventilatory
diseases and are known to promote hypoxia-induced vascular remodeling and the
development of pulmonary hypertension. Leukocyte BKca channel betal subunit
expression has been proposed as an independent molecular marker for impending
hypertension in subjects with sleep apnea (Ahluwalia, et al., 2004).
Many theories and hypotheses have been developed to explain O2 sensing in the
body but, so far, none have fully explained the integrated systemic and local responses to
fluctuations in tissue O2 levels. A few identified specialized tissues in the body comprise
the so-called ‘classical’ O2 sensors. Of preeminence among these are the glomus cells in
the carotid bodies. These cells induce a graded, stereotypic response in reaction to
decreased arterial PO2. This is broadly defined as the primary respiratory and
cardiovascular reflexes of hyperventilation, bradycardia and peripheral vasoconstriction
(Weir, Lopez-Bameo, Buckler, & Archer, 2005). Other canonical sensors include the
neuroepethelial bodies (NEBs) and the adreno-medullary chromaffin cells (AMCs).
NEBs are collection of cells exposed to the airway lumen at branch points that are
innervated by sympathetic fibers. These nerve fibers release neurotransmitters in
response to low PO2 levels. AMCs release catecholamines in response to hypoxia. Both
NEBs and AMCs are thought to contribute to airway breathing at parturition through the
sympathetic response, supporting cardiac function and the transformation of the airway
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epithelium and the pulmonary vasculature for breathing (Kemp, et ah, 2002; Slotkin &
Seidler, 1988). Additionally, it is likely that many other cell types are equipped with
mechanisms for sensing O2 levels in the body considering the multiplicity of events
associated with hypoxia.

Hypoxia
Hypoxia is not an absolute homogenous phenomenon. Hypoxia can be more
usefully defined as a condition in which failure to deliver or utilize O2 limits or alters
biological function in different tissues (Lopez-Barneo, et ah, 1997). In most arterial beds
hypoxia is known to dilate vessels. This is consistent with regular biological
compensatory mechanisms to ensure adequate oxygen supply to tissues (Weir & Archer,
1995). Not infrequently, cellular responses to hypoxia can be accompanied by dramatic
symptomatic manifestations. Typical examples include airplane trips to high altitude
location when someone is adapted primarily to sea level. The accompanying arterial
dilation in the brain may precipitate congestive headaches due to the increased regional
and systemic rise in arterial pressure, destabilization of tissular gas exchanges and
accumulation of biologically active tissue metabolites (hypoxic pulmonary
vasoconstriction- HP VC). Individual susceptibility to mountain sicbiess varies widely
between people. In some individuals a relatively low altitude (c. 2500m or 8200ft) may
bring on some of the symptoms mentioned above, while others may be more tolerant to
changes in environmental O2 levels (Lahiri, Semenza, & Prabhakar, 2003). Acute hypoxia
is experienced by most mammals at birth and is responsible for the reactions that
inaugurate extra-uterine life (Pocock & Richards, 2006). Hypoxia is the stimulus for non-
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innervated AMCs to resealse catecholamine and this mechanism involves inhibition of
K+ channels (Nurse, Buttigieg, Brown, & Holloway, 2009).
Different tissues respond differentially to hypoxia, but typically the ubiquitous
vascular response in most resistance vessels is vasodilation (Evans, 2006). Paradoxically,
in the lung, the pulmonary vasculature reacts to hypoxia by vasoconstriction with an
increase in pulmonary vascular resistance. In humans and adult animals the alveolar
oxygen tension needs to reach 8 Pka (60mmHg) or lower to initiate pulmonary
vasoconstriction (Custer & Hales, 1985). Moderate hypoxia (12.5% O2, PO2~50mmHg)
doubles pulmonary vascular resistance within 15 minutes (Bindslev, John, Hedenstiema,
Baehrendtz, & Santesson, 1985; Naeije, et ah, 1987) and this response can be sustained
for hours (Carlsson, Bindslev, Santesson, Gottlieb, & Hedenstiema, 1985). The observed
hypoxic response in the pulmonary vasculature is a cardinal feature of the pulmonary
circulation, ensuring that cardiac output is directed only to well ventilated areas in the
lung, thereby synchronizing and optimizing perfusion to airway flow (Gonzales
Fernandez, 2009). In experiments using an ovine model, evidence shows that the
vasoconstrictive responsiveness to alveolar hypoxia is greater than to vascular hypoxia,
leading to the assumption that lung vasculature, auto-regulates flow in hypoxic
pulmonary vasoconstriction (Marshall & Marshall, 1983).

Oxygen Sensing Mechanisms
The ways by which tissues evoke systemic homeostatic adaptations to hypoxia
are still being unraveled. The best characterized mechanism involves the hypoxia
inducible factor (HIF-1), a heterodimer composed of an a and a p subunit that recognizes
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a cognate sequence within the promoter of several genes involved in the cellular response
to hypoxia (Semenza, 2002). The discoveries of such mechanisms have elucidated the
observed up regulation of erythropoietin by the kidney and consequent increase in
hematocrit as an adaptation to chronic low ambient O2. The HIF-1 system is also
responsible for upregulation or downregulation of several other genes.
The existence of various hypoxic homeostatic processes obviates the need for different
tissues to effectively sense O2 departure at different physiologic levels. There are many
investigations into putative mechanisms that characterize O2 sensors in body. Based on
existing knowledge we can differentiate two broad categories. First, those that dependent
on mechanisms that cater to the energy state of the cell (mitochondria related) and those
that depend on O2-sensitive synthesis or degradation of mediators. Though this
distinction may not capture the entire biological spectrum of events involving oxygen
sensing, it is useful as a formative framework to understand the potential range and
complexity of O2 sensing mechanisms. It is also helpful to keep in mind that hypoxia
sensing may be different phenomena.

Energy State/Mitochondria Related 02 Sensing
Despite significant controversy, the observation that mitochondria are the prime
oxygen-demanding organelles in the cell has prompted the suggestion that it
accommodates important oxygen sensing structures and functions. The strength of this
evidence is extracted from studies demonstrating that mitochondrial inhibition disrupts its
O2 sensing mechanism even when oxidative phosphorylation is preserved, a mechanism
involving mitochondrial reactive oxygen species (mtROS) levels (Mansfield, et ah,
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2005). Three hypothesis have emerged implicating mitochondria’s role as an O2 sensor:
the cytosolic redox state (the ratio of NADPH to NAD and NADPH to NADP), ROS,
and the energy state of the cell (ATP). Notably, the effectors responding to these
mediators in pulmonary smooth muscle cells (PSMC), AMC’s, and glomus cells rely on
inhibition of K+, channel depolarization, and intracellular release of stored Ca2+ (R. J.
Thompson, Buttigieg, Zhang, & Nurse, 2007; Ward, Snetkov, & Aaronson, 2004;
Waypa, Chandel, & Schumacker, 2001; Wyatt & Buckler, 2004). However, conflicting
reports still persist as to the role of ROS in AMC depolarizations (Michelakis, et al.,
2002).

O2 Synthesis mechanisms
Several biosynthetic mechanisms have been identified that respond to drops in O2
tension in the different cell domain they are found in. Four main enzymes involved in
biosynthetic pathways that utilize oxygen have received quite substantial attention in the
literature and are briefly discussed below with the exception of the asparaginyl
hydroxylases.

NADPH oxidases
The NADPH oxidase enzyme complex is a vital superoxide anion-forming
enzyme (02'), and a precursor to many reactive oxygen species (ROS). There is robust
evidence demonstrating that the NADPH oxidase (NOX2) an important isoform in
phagosomes, may be a very sensitive detector of shifts in O2 levels in the cell. The P50
(PO2 causing half-maximal response) is reported for NOX2 to be 1.7 ka PO2 (Cross &
Jones, 1986). Several data show that NOX2 and a reduction in ROS underlie the response
30

to hypoxia in NEBs with sequent inhibition of O2 sensitive K+ channels and
depolarizations in NEBs (Cutz, Pan, & Yeger, 2009). K+ channels co-express with NOX2
in NEBs. NOX2 contains integral membrane subunits Gp91phox. It has been shown that
in Gp91phox deficient mice K+ inhibition is lost (Cutz, et al., 2009; Fu, Wang, Nurse,
Dinauer, & Cutz, 2000). These data provide strong evidence that NAHPH oxydase
provides the upstream signal for K+ inhibition when O2 levels change. However, the same
is not true for the carotid body or pulmonary vascular smooth muscle cells (Searle,
Hartness, Hoareau, Peers, & Kemp, 2002).

Heme Oxygenase (HO)
Three heme oxygenase isoforms have been identified, but only one, HO-2, a high
O2 affinity isoform (P50 of 0.001 kPa), (Migita, et al., 1998), is constitutively expressed.
HO-2 degrades heme to carbon monoxide (CO), billiverdin and Fe

in the presence of

O2 and NADPH (Ryter & Choi, 2005). It has recently been proposed that, in glomus cells
and possibly in other cells, BKca channels are activated by the association with HO-2
(Williams, Wootton, Mason, Bould, et al., 2004). In these observations, HO-2 derived
CO sustains channel activation in normoxia and the co-localization of both structures
proposes a functional complex. Under hypoxic conditions CO production drops because
it is dependent on O2 and channel activity declines. Thus, ironically, it seems that our
ability to sense O2 is dependent on the production of a toxic gas.
Knockdown of HO-2 expression by siRNA reduced channel activity and CO
rescued this loss of function both in recombinant and wild type cells (Adachi, et al..
2004). In hypoxia, decreased CO production contributes to BK channel closing and
depolarization. However, one study involving HO-2'/' knock-out mice found that the
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ventilatory response to hypoxia was attenuated, (Adachi, et al., 2004). A subsequent
study analysing glomus cell sensitivity to CO production showed no effect nor any role of
BKca channels in O2 sensing in these cells (Ortega-Saenz, Pascual, Gomez-Diaz, &
Lopez-Barneo, 2006). Other evidence has ascertained that, in the mouse, the carotid
bodies do not utilize BK channels in its response to hypoxia (Perez-Garcia, Colinas,
Miguel-Velado, Moreno-Dominguez, & Lopez-Lopez, 2004). These discrepancies may
reflect species-specific differences. The molecular mechanism by which CO activates BK
channels is debatable, it is clear that the [3 subunits of the BK channel are not required for
CO activation (Hou, et al., 2008a; Williams, et al., 2008).
Jaggar has proposed that the heme group bound to the BK a subunit at histidine
616 is a potential site whereby CO may interact with the BKca to illicit a hypoxic
response (Jaggar, et al., 2005). Recent evidence suggests that this may not be the case
and that neither mutation of the histidine 616 to arginine (Williams, et al., 2008) nor
redox modulation affects the ability of CO to activate the BKca channel (Hou, et al.,
2008a; Williams, et al., 2008). This evidence suggests that the binding of CO is
dependent either upon cysteine residues (Brazier, et al., 2009) in the vicinity of the
‘calcium bowl” (Williams, et al., 2008) or within the so called RCK domain (Hou, et al.,
2008a) or both, and that transition metals are required. This recent evidence and the
differences between species, strains, and tissues (Yamaguchi, et al., 2003) endorse the
view that redundant O2 sensing mechanisms occur within a cell to accommodate for
ablated mechanisms.
The idea that the BKca channels can be directly involved in oxygen sensing is a
inviting one. For the BKca to be an apt candidate in O2 sensing it is important review the
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contribution of the BKca to resting membrane potential in normoxia. Hou and colleagues
have determined that BKca activity is significant around resting membrane potential, but
only in the presence of CO (Hou, et ah, 2008a).

Adenosine Mono-Phosphate Kinase (AMPK)
AMPK is a heterotrimic enzyme consisting of a catalytic a, a regulatory (3, and a
y subunit. AMPK occurs in eukaryotes from protozoa to vertebrates where it functions as
an guardian of the cell’s energy state and regulates the ATP supply (Hardie, 2007).
AMPK is constitutively activated by upstream kinases (e.g. the LKB1 kinase) through
phosphorylation at Thr-172. However, it is quickly dephosphorylated and inactivated.
AMP binding disrupts the dephosphorylation and keeps the kinase activated. AMPK is
activated >100 fold by phosphorylation at Thr-172 within the a subunit. Typically cells
rely on mitochondrial ATP production to maintain an ATP: ADP ratio of 10:1 and an
ATP: AMP ratio of 100:1 (Hardie & Hawley, 2001). Although ATP and ADP compete
with AMP for binding to AMPK, only the dual binding of AMP (two exchangeable sites
on the y subunit) activates the enzyme (Scott, et ah, 2004). Once activated, it serves to
restore energy homeostasis by stimulating catabolic pathways that generate ATP, and by
suppressing ATP consuming processes deemed unessential for short-term survival
(Hardie & Hawley, 2001). Thus, AMPK activity is an index of metabolic stress.
9-1-

AMPK is also independently activated by Ca" -mediated pathways, which
activate the calmodulin-dependent protein kinase (CaMKK(3) that also phosphorylates
Thr-172 (Hawley, et ah, 2005). Additionally, AMPK appears to be regulated by glycogen
via the (3 subunit, which contains a carbohydrate-binding domain that promotes the
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complex to bind to glycogen particles. In that context, AMPK can act as a ‘glycogen
sensor’ that ensures rapid re-synthesis of glycogen when stores approach depletion
(McBride, Ghilagaber, Nikolaev, & Hardie, 2009).
Similar to hypoxia, AMPK activation inhibited 02-sensitive BKca currents
(Wyatt, et ah, 2007). These studies have recently showed that AMPK phosphorylates
recombinant BKca channels in an AMP-activated manner, and, thereby, inhibits voltagedependent activation of macroscopic currents by BKca channels stably expressed in
HEK293 cells (Wyatt, et ah, 2007).

BKca Channel and Hypoxia
The observation that decreased PO2 causes significant dilation of pressurized
cerebral arterial segments and that pretreatment with 1 mM tetraethylammonium, a BKca
channel blocker, attenuates this effect implicates the BKca channel in the sensing
mechanism of O2 (Gebremedhin, et al., 1994). The BKca channel was one of the first
native ion channels shown to be inhibited by hypoxia (Peers, 1990). Subsequently, it was
shown that a recombinant BKca channel was sensitive to oxygen in a calcium-dependent
manner (Lewis, Peers, Ashford, & Kemp, 2002). The patch clamp inside-out technique
demonstrated that BKca is moderately inhibited by hypoxia (Lewis, et ah, 2002). There is
also the contention that only in STREX-containing splice variants can the BKca channel
be inhibited by hypoxia (Tipparaju, Barski, Srivastava, & Bhatnagar, 2008), but this
assertion has not yet been substantiated.
It is difficult to assign a universal sensing capacity to potassium channels, such as
the BKca in the response to hypoxia, and derive assumptions about an intrinsic oxygen
sensing element present in the channel itself. The responsiveness of the BKca channel to
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changes in oxygen tension is as diverse as the tissues in which they are expressed. Some
have reported that BK channels are insensitive to hypoxia (Gebremedhin, et ah, 1994;
Lopez-Barneo, et al., 1997; Park, Lee, Ho, & Harm, 1995; Park, Lee, Lee, Ho, & Harm,
1995; Riesco-Fagundo, Perez-Garcia, Gonzalez, & Lopez-Lopez, 2001). Others have
shown BKca channels to be inhibited by hypoxia (Jovanovic, Crawford, Ranki, &
Jovanovic, 2003; Riesco-Fagundo, et al., 2001; Williams, Wootton, Mason, lies, et al.,
2004). Additionally, BKca channels demonstrate plasticity in their sensitivity to
variations in oxygen tension, regardless of the tissue, and that adaptive conditioning or
prevailing conditions dictate changes in channel expression, although the mechanisms
involved are presently unknown (Acker & Acker, 2004; LaManna, Chavez, & Pichiule,
2004; L. Liu & Simon, 2004).
New evidence suggests a coupling between upstream enzyme O2 sensors and K
channels activity. However, it has been long recognized that the BKca channel has
‘innate’ oxygen sensitivity, besides the sensitivity bestowed by enzyme-linked
mechanisms. Notably, the highly conserved, heme-binding motif of the BKca channel,
located on the linker region between RCK1 and RCK2 is localized in a non-splice region,
suggestive of a conserved functional role. Heme directly inhibits both cloned and wild
type BK channels by decreasing channel open probability, P0 (Tang, et al., 2003), but the
physiological role of BK bound heme is not clear.
Related to the role of BK-bound heme is CO modulation of the BK channel. Two
main theories have been proposed to elucidate CO modulation of the BKca channel. One
dictates that CO activates the BKca a subunit directly by binding to histidine residues
within the channel protein (Hou, et al., 2008a; Hou, Xu, Heinemann, & Hoshi, 2008b;
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Wang & Wu, 1997). A second theory offers that CO activates the BK channel indirectly
via bound heme (Jaggar, et ah, 2005). McCartny demonstrated that sensitivity to hypoxia
is conferred by the cysteine-rich stress-regulated exon, STREX (McCartney, et al.,
2005). They propose a hemoxygenase-2/CO-independent mechanism that is intrinsic to
the STREX a subunit splice variant. Intracellular CO and its effects on the BK and
possibly other Kv channels is a navel finding. New observations have questioned the two
main hypothesis mentioned above, showing that a single cysteine residues (C911) within
the C-terminal ‘tail' of BKca channels is central to the CO binding and channel
modulation (Williams, et al., 2008).
The existence of a multimodal O2 sensing system is not implausible. Distinct
mechanisms of hypoxic regulation of BK channels may co-exist where, CO-dependent,
and CO independent processes, may act independently from one another or
synergistically. Mechanistically, the possibility that the BKca channel C-terminal “tail”
has an intrinsic molecular sensor stems from observations that reduced, but not oxidized
heme on the channel’s cytoplasmic domain, is a functional CO receptor (Jaggar, et al.,
2005).
Based on these findings, our lab has speculated that the heme bound to the linker
region of the C-terminus may differentially bind multiple diatomic gases thus reacting to
differences in gaseous tension. To pursue this idea, our first goal was to isolate and purify
the cytoplasmic portion of the BKcacx subunit using biochemical approaches.
Subsequently we intended, by using spectrophotometric analysis, to test whether the
binding of different gases can modify the absorbance profile of bound heme and to
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correlate these findings to parallel patch clamp studies. Such experiments would
potentially shed light on the role of a possible O2 binding molecule.
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CHAPTER TWO
EXTRACTION OF A 70 kDa BKCa ‘TAIL’ LIKE PROTEIN

Abstract
The C-terminus of the BKca channel is known to have important regulatory
influence on the activity of the channel. Both the cytoplasmic and the membrane pore
forming domains are coded by the same gene (KCNMA1), and assemble in a modular
way. Experiments conducted in our lab using GH3 cells detected a 70 kDa protein in
pellets and supernatants of these cell lysates that react to our BKca antibody in
immunoblots. In view of this, we presumed that this protein corresponded to the BKca
channeTs ‘tail’. Because the ‘tail’ domain of the BKca channel is a soluble protein we
hypothesized that we would detect greater amount of this 70 kDa protein in the
supernatant fraction compared to pellets. We aimed to determine which lysate fraction is
enriched with this protein. Our results confirm our hypothesis that this protein is more
prevalent in the supernatant fractions and that the 100,000 x g centrifugation fraction (S3)
is enriched with it, while other factions are depleted.

Introduction
Prior to the start of the present project, immunoblotting in the Hessinger
laboratory employing an antibody specific to a conserved ‘tail’ epitope detected a 118120 kDa band corresponding to the BKca channel a subunit and an unknown 70 kDa
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band were detected in immunoblots of membrane pellet fractions of a GH3 cell line. Our
working hypothesis is that the detected 70 kDa protein corresponds to the cytosolic
domain ‘tail’ of the BKca ct subunit, because this 70 kDa band reacts with an antibody
designed against the tail portion of the channel, and because 70 kDa corresponds to the
predicted size of the BKca tail. More specifically, we hypothesized that the supernatant
fraction of GH3 cell lysates would be enriched with this protein in contrast to the intact
BKa subunit, which should localize to the ‘membrane fraction’. Thus, our specific aim is
to determine the lysate fraction most enriched with this 70 kDa protein.

Materials and Methods
Buffers and Reagents
Phosphate Buffered Saline (PBS)
PBS , 0.0027 M potassium chloride; 0.137 M sodium chloride, 0.1 M sodium
phosphate, 0.002 potassium phosphate, pH 7.4 in tablets reconstituted as a 1 X working
solution.

Tris-Buffered Saline (TBS)
TBS, 0.1 mM TRIS-HCl, pH7.4, was obtained from Bio-Rad (Hercules, CA), as
a 10X stock solution and IX working solution, and TTBS (0.1 mM TRIS-HCl; 0.1%
tween [Bio-Rad, Hercules, CA]) were used to wash nitrocellulose membranes. TTBS
was used for membrane blocking solution and antibody probing (TTBS with 5% fat dry
milk).
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Lysis Buffer
Lysis Buffer contained O.lmM TRIS-HC1; 0.5mM EDTA, pH 7.4 and was used
in conjunction with a protease inhibitor to lyse cells and prepare homogenates;

Laemmli Buffer
Laemmli Buffer contained 62.5 mM TRIS-HC1, pH 6.8; 2% SDS, 25% glycerol,
0.01%bromophenol blue, 4% mercaptoethanol), (Bio-Rad, Hercules, CA), working
solution 2X was used as loading buffer for SDS-PAGE gel eletrophoresis.

Ponceau stain
Ponceau stain in 5% (v/v) acetic acid (Bio-Rad) was used to stain nitrocellulose
membrane prior to blocking to visualize protein bands.

Trypan blue
Trypan blue, dye content 60% (Sigma Aldrich, St Louis MO), was used to die
cells for counting with the hemocytometer.

Procedures
Cell culture
The GH3 cell line was obtained from American Type Culture Collection (ATCC;
Manassas, VA) and grown at 37° C in a 5% C02-95% air atmosphere as cell monolayers
in 100 X 20 mm plastic dishes (BD Falcon, Durham NC). Cells were cultured using
Cellgro's Hams F-12K Medium (Fisher Scientific; Tustin CA) supplemented with 15%
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heat-inactivated horse serum, 2.5% fetal bovine serum. Medium was changed every 4
days or cells passed. Cell lysates were obtained by pooling the cells from 3 sub-confluent
dishes at a time. Cells were homogenized using a glass homogenizer in lysis buffer
containing protease inhibitor Complete Mini (Roche Diagnostics, Indianapolis, IN)
followed by 1 min homogenization using the polytron (A. Daigger & Company, Inc,
Vernon Hills, IL). Lysates were centrifuged according to a protocol previously defined in
our lab involving three centrifugation steps (fig.l). Samples were centrifuged at 2,000 g
for 10 min at 4°C and the pellet saved. A crude extract was pulled to serve as control in
the blotting experiments. The supernatant (SI) fraction was spun at 20,000 x g for 20 min
at 4°C. The fraction (P2) and the supernatant fraction (S2) were spun at 100,000 x g for
90 minutes. The pellet fraction (P3) was saved, solubilized in TRIS buffer, collected and
frozen along with the supernatant (S3). Protein concentrations were obtained using a
Nanodrop Spectophotometer ND-1000™ (Nanodrop Technologies, Wilmington, DE).

Gel Electrophoresis and Immunoblotting
Samples and standards were prepared in Laemmlli buffer (Bio-Rad, Hercules,
CA) and heated to 70°C for 5 min. Proteins were separated on a precast 10% SDS TrisHC1 ready gel (Bio-Rad, Hercules, CA) for 1 hr and transferred at 100 volts for 2 hr to
0.45 pm, 10 x 15 cm nitrocellulose membranes (Bio-Rad, Hercules, CA). Completion of
transfer was verified by staining with 0.5% Ponceau solution for 5 min. The membranes
were blocked with 5% nonfat milk in TTBS buffer for 1 hr at room temperature (RT).
After blocking, the membranes were washed three times in TTBS followed by one wash
in TBS (10 min each wash). Membranes were then incubated overnight in a 1:500
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dilution of primary antibody directed against a peptide from a BKca (custom made by
Invitrogen using peptide corresponding to conserved cytoplasmic domain, sequence aa
1184-1200 of mouse BKca)- After appropriate washings, blots were incubated in a 1:3000
dilution of horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (BioRad, Hercules, CA) for 3 hr at RT. They were next washed three times in TBS for 10 min
each. Bands were visualized using a colorimetric HRP substrate system (Bio-Rad,
Hercules, CA) and photographed using a digital imaging system Fluo Chem™ 5500
(Alpha Innotech, San Leandro, CA). A standard sample of lysate from sheep brain tissue
previously confirmed by a Western Immunoblot to contain an a peptide, was used as
positive control.

Results
To extract the 70 kDa ‘tail’, we cultured GH3 cells in 100 mm size plates that
allow for good visibility and harvesting. Culturing GH3 cells is reasonably direct and we
followed maintenance guidelines from ATCC. The problems encountered in maintaining
cell growth were essentially related to the occurrence of culture infections. We were not
able to completely eradicate infections, but we reduced them over time. To accomplish
that, cells were protected from air currents during transportation between the incubator
and sterile hood. In one episode of contamination, we suspect that using the same pipette
between plates to change the cell medium, spread an infection that contaminated 80% of
our cell culture. We successfully re-grew the culture and adopted more stringent, aseptic
pippeting.
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GH3 cells are an immortalized cell line with robust growth rate. We determined
the growth rate by first trypsinizing a confluent 100 mm dish of GH3 cells. Cell pellets
were re-suspended in 8-10 ml of culture medium and a 200 pi aliquot was set aside and
added trypan blue 1:1. From this volume we took out 15 pi and counted under the
microscope on a hemocytometer. From the remaining volume we plated 100 pi in a 100
mm dishe and observed growth for 6 days. We then recounted the plated cells using the
same procedure and determined the increase per day. Expressed in hours doubling time
was approximately 19.5 hrs and, at near confluence, there were approximately 1.76 x 106
Cells. GH3 cells tend to form floating clusters against a background of adherent cells.
Floating cells were harvested and plated separately to encourage adherence. Adherent
cells were treated with trypsin for 2 min followed by 4 blows applied to the side of the
dish with a hand-held blunt metal object, which facilitated release of cells.
Cell disruption was performed using mechanical methods including grinding,
sonication, homogenation and shearing (Fig. 5). First, lysates were prepared using only
one dish of nearly confluent cells. Cells were washed in cold filtered PBS after
trypsinization and centrifuged for 5 minutes at 600 rpm at 22 °C. Cell pellets were kept
on ice and re-suspended in 1 ml lysis buffer. To lyse cells, we made 20 passes using as
glass Dounce tissue grinder (WheatonScience, Millville, NJ) and diluted the homogenate
1:1 with lysis buffer. Lysing of cells using this method occurs by liquid shear created
when high pressure is applied followed by release. The use of a grinder creates heat,
which may inhibit protein activity. We minimized this by pre-cooling the glass Dounce
before the procedure. Grinding alone with the Dounce did not adequately extract the
protein of interest as verified by immunoblots.
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Effective extraction of the cytoplasmic proteins in GH3 cells required additional
steps. Sonicating the samples at 50% power, pulsing for 5 to 10 sec between cycles was
also not effective as verified by microscopic observation of the cells. We next
homogenized the cells using a Polytron at medium speed for approximately 1 min. We
tried to minimize formation of foaming in the sample as its presence may cause surface
denaturation and oxidation of proteins. To further ensure homogenization of the sample,
we then subjected it to shearing through an 18-gauge needle. The degree of
homogenization is important for spectrophotometric detection of protein content in
solubilized pellets. Inconsistent optical density (OD) values in the Nano-drop instrument,
at times, may have been related to different extents of cell disruption and not to
instrument error, something that was not obvious to us at first.

i! %

2,000 x g

20,000 x g

(Polytron)

100,000 xg

Figure 5. Homogenization and differential centrifugation protocol. Pellet fractions are
designated as PI, P2, and P3 and supernatant fractions are designated as SI, S2, and
S3. Relative centrifugal force (x g) used in the differential centrifugation steps are
indicated at each step.
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Quantitative Immunoblotting
Immunoblotting was the sole method available to us for detecting and measuring
the amounts of the 70 kDa protein in our samples. To measure the amounts of the ‘tail’
protein in our subcellular fraction resulting from the differential centrifugation
experiments, we developed a quantitative immunoblotting protocol. We performed a dose
response experiment to quantify the amount of the 70 kDa protein in immunoblots. We
did this by loading different volumes of a 100,000 x g supernatant fraction onto SDSPAGE gels. We loaded different volumes of this sample protein (1.6 qg/pl) into different
lanes, eletrophoresed, and transferred it to a nitrocellulose membrane. We then performed
immonoblotting on the membrane and determined the integrated density values (IDV) of
the detected 70 kDa protein in the different lanes (Fig. 6). The IDVs were graphed
against the amount of sample protein loaded, which ranged between 2.4 and 8 pg of
protein (Fig. 7). We observed a roughly linear increase in IDV over the range of 5 to 31
IDVs in this experiment corresponding to 3.2 to 5.6 pg of the supernatant fraction.
Amounts of lysate supernatant protein greater than 5.6 pg appear to ‘saturate’ the
detection system and did not yield higher IDVs.
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Figure 6. Western Immunoblot for standard curve experiment. Numbers above bands
indicate different lanes. Numbers below the bands correspond to volume (pi) of lysate
supernatant loaded. Protein concentration was 1.6 pg/pl. The numbered left-most column
was used for molecular weight markers, whose molecular masses are indicated in kDa
units, used. Lane 1 contained sheep brain homogenate as a positive control and indicated
the presence of the full 120 kDa length of BK a subunit. Bands were undetectable in
sample volumes lower than 2 pi.
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Figure 7. Standard curve of integrated density values (IDV) plotted against total amount
of loaded protein (pg). Data derived from experiment in figure 2.
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Fractionation
We performed differential centrifugation of disrupted GH3 cells to determine the
subcellular fraction most enriched with the 70 kDa ‘tail’ protein and to test our
hypothesis that the 70 kDa ‘tail’ protein would be found enriched in the high-speed,
membrane supernatant fraction. Fractionation involved separating the homogenate
components according to density and sedimentation coefficient in different steps, as
previously described (Fig. 5).
Protein concentrations of each fraction were determined spectrophotometrically.
Fraction protein concentration ranged from 0.08 to 4.7 pg /pi (Table 3). Detection and
measurement of the 70 kDa band in the different fractions was determined by
immunobloting (Fig. 8). We estimated the amount of 70 kDa ‘tail’ protein in the different
fractions using integrated density values (IDV) from immunoblots of the different
fractions (Fig. 8, Table 4). Compared with supernatant, the IDVs of the bands from pellet
fraction #3 was about half that of those from supernatant #3 using 5 pi of sample, i.e. 32
and 65 IDVs. One third of the total IDV in the lysate was recovered in the fractions (i.e.
P1+P2+P3+S3). Fractions having IDV/pg values higher than 22.7 IDV/pg of the lysate
were enriched in the ‘tail’ protein while fractions having lower values were depleted of
the ‘tail’ protein. Only the supernatant #3 fraction showed enrichment. All other fractions
were depleted. The yield of active protein in supernatant #3 was 32%, and represents a
roughly 7-fold purification of the 70 kDa ‘tail’ protein. In contrast, the yield in the pellet
fractions was low, about 3% and likely represent carry-over from the soluble supernatant
(S3). The percentage of total yield of active protein was (35%). This may indicate that PI
contains significant amount, but this seems unlikely. Differential centrifugation allowed
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us to confidently demonstrate that the 70 kDa ‘tail’ is a soluble protein most likely
present in the cytoplasm of the GH3 cells. This is consistent with our working hypothesis.
The magnitude of enrichment of the 70 kDa protein in S3 (100,000 x g) compared
to other fractions led us to believe that using a direct, one step centrifugation approach
would suffice for immunodetection of this ‘tail’ protein. We tested this idea and found
that protein detection by immunoblotting and quantification by IDV was retained in the
one- step centrifugation procedure (data not shown). Membrane staining with Ponceau,
prior to antibody application, allows us to see other non-specific protein bands present in
the centrifuged lysate after SDS-PAGE and transference to a membrane. The number of
different bands seen after Ponceau staining, prior to transfer into the membrane in
samples subjected to multiple-step or only one-step centrifugation did not appear
significantly different from one another. Imaging of this sub-step, however, was not
carried out and this observation relied on visual inspection only.
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Fraction

Crude lysate

sO

Protein
Volume
cone.
(mg/mi)
(ml)
0.95
2.80

Total
Protein
(l^g)

IDV/ jol

Total
IDV

IDV/ ng

Purifi
cation
(fold)

Yield
(%)

2.66

21.6

60480

22.7

100

1

2,000 x g Supernatant (SI)

0.53

1.8

0.954

20,000 x g Supernatant (S2)

0.42

1.6

0.672

8.7

13920

20.7

100,000 x g Supernatant (S3)

0.08

1.5

0.12

13

19500

162.5

32

7.13

2,000 xg Pellet (PI)

1.2

0.25

0.3

20,000 x g Pellet (P2)

1.6

0.25

0.4

6.3

1575

3.9

2

0.17

4.7*

0.25

1.175

7.7

1925

1.6

3

0.02

100,000 x g Pellet (P3)

0

0.9

0

Table 3. Protein content of GH3 cell lysate determined spectrophotometrically. Supernatant and pellet fractions are from
representative (Jan-09) experiment. Supernatant (SI, S2 and S3) and pellets (PI, P2 and P3) fractions refer to the differential
centrifugation steps as indicated diagrammatically in Figure 3. *Refers to the best-averaged concentration due to insoluble
particulates in this fraction.
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Figure 8. Western Immunoblot of crude lysate, pellet 2 ( 20,000 x g- P2), pellet 3 (100,00 x g- P3)
supernatant 2 (20,000 x g- S2), supernatant 3, (100,000 x g- S3) according to gel loading doses in
pi.

Fraction

Loading (pi)

IDV

Crude

2.5

54

S2

7.5

65

P2

2.5

9

P2’

5.0

33

P2”

7.5

45

S3

5.0

65

S3’

7.5

69

P3

5.0

32

P3’

7.5

58

Table 4. ID Vs of supernatant and Pellet
fractions from immunoblots in figure 4.
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Discussion
We hypothesized that a 70 kDa protein detected in immunoblots of GH3 cells,
using BK a antibodies in the Hessinger lab, corresponds to the cytoplasmic ‘tail’ of the
BKca channel a subunit and that such protein would be present soluble fractions of cell
lysates. To test the second of these two hypothesis we aimed to determine which fraction
of GH3 cell lysates is enriched with this 70 kDa protein. Our results demonstrate that
100,000 x g supernatant fraction (S3) was enriched with this protein while others
fractions were depleted.
Because both the cytoplasmic ‘taif and the membrane, pore forming domains of
the BKca channel a subunit are coded by the same gene (KCNMA1), it is reasonable to
assume that the amount of ‘tail’ protein detected in GH3 cell directly reflects the amount
of BKca channels originally present in these cells. For reasons that are not clear to us, the
cytoplasmic ‘tail' appears to be cleaved from the intact BKca channel a subunit and
migrates on SDS-PAGE as a single 70 kDa protein. This tendency for the 70 kDa protein
to migrate ‘detached’, under denaturing conditions, was recently reported where the BKca
tail was expressed heterologously in E. coli. (Javaherian, 2009a). We speculate that the
‘tail’ domain may separate from the membrane-bound domain in GH3 cells due to an
unknown protease that may be activated or released during our lysate preparation. Such
cleaved ‘tail’ domain has not been observed in other experiments investigating the BKca
channel in different tissues in our laboratory, and seems to be a feature unique to GH3
cells. A non-conserved motif is known to link the ‘tail’ to the membrane domain of the
BKca channel (Wei, et al., 1994). If cleavage results from a protease activity, we
speculate that this linker region may be more accessible to this proteases than in other
cell types. An earlier study reported a similar BKca channel ‘tail’ ‘fragment’ during
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purification of the BKca channels in GH3 and other cell types using column
chromatography. Because the BKca ‘tail’ fragments observed in this study were only
detected after the purification step that involved a hydroxyhapattite column, the author
speculates that enzymatic activation may be calcium dependent (Knaus, et ah, 1995). It is
surprising that we have not seen any 125 kDa bands corresponding to whole channel a
subunits using our immunodetection system in our experiments. This suggests that only a
small percentage of the 125 kDa, intact channel a subunit, at best, is spared from the
cytoplasmic ‘tail’ cleaving in our cell lysates.
From our experiments, it is not possible to determine the extact amount of this 70
kDa protein in GH3 cells. This is partly due to the fact that our immuno-assay is semiquantitative. In addition, the amounts of this 70 kDa protein may vary according to
passage number. Knaus found that the expression of the a subunit of the BKca is high in
bovine trachea, bovine aorta and rat uterine smooth muscle cells, but only moderate in
GH3 cells (Knaus, et al., 1995). However, the GH3 cell line is easy to grow and, in our
experiments, the approximately 7-fold yield of this protein in our lysates was adequate
for our purposes of extraction and detection, and allows for subsequent characterization
studies. These include future Mass spec (MS) identification and functional biochemical
studies aimed at elucidating the structure and function of the channel’s ‘tail’ domain. Of
more immediate importance, the present work confirms the cellular location of this
protein. Positive identification of this protein requires further purification and
characterization by mass spectrometry, such developments would open the way for
biochemical studies investigating the functional domains of this protein.

52

References

Javaherian, A. (2009a). The Intracelluar C-Terminus of the Human BKca Channel is a
Ca2+ - Binding Tetrameric Domain. Biophysical Journal,, 96(3).
Wei, A., Solaro, C., Lingle, C., & Salkoff, L. (1994). Calcium sensitivity of BK-type
KCa channels determined by a separable domain. Neuron, 13(3), 671-681.
Knaus, H. G., Eberhart, A., Koch, R. O., Munujos, P., Schmalhofer, W. A., Warmke, J.
W., et al. (1995). Characterization of tissue-expressed alpha subunits of the high
conductance Ca(2+)-activated K+ channel. J Biol Chem, 270(38), 22434-22439.

53

CHAPTER THREE
CIBACRON BLUE AFFINITY COLUMN CHROMATOGRAPHY
USING NAD ELUTION

Abstract
We attempted to isolate a 70 kDa protein present in high-spin lysates of GH3 cells
possibly corresponding to the ‘tail’ of the BKca channel by affinity column
chromatography. The ‘tail’ of the BK channel contains two domains that structurally are
known as Rossmann folds. For our affinity column matric we used , we chose a matrix of
a synthetic dye, Cibacron blue in sepharose beads to bind the 70 kDa BKca channel ‘tail’
protein by interacting with its Rossmann fold motifs. To elute the bound protein we used
NAD for its known affinity to Rossman fold motifs in many proteins. Our results varied
and were not reproducible. The 70 kDa bands we were able to purify did not correspond
with the ‘tail’ of the BK in the mass spec analysis but this result may have been
influenced by technical issues.

Introduction
Data from our lab analyzing the BKca channel in lysates of GH3 cells indicates
that a 70 kDa protein reacts with an antibody produced against the cytoplasmic Cterminal extension of the BKca channel. In recent experiments we determined that this
protein can be found both in membrane and supernatant lysate fractions and that the highspin (100,000 x g) supernatant fraction is enriched with this 70 kDa ‘tail’ protein. Further
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characterization by mass spectroscopy is necessary to positively confirm this finding and
verify its sequence identity. Characterization requires that the protein be further purified;
a process that involves separating this protein of interest from all other proteins or non
protein components in the sample.
Despite our finding that the high-speed supernatant fraction of our lysates was
enriched with the 70 kDa protein, the total amount of this protein is small. We suspect
this protein corresponds with the C-terminal extension of the BKca channel, a structure
known to have several distinct and independent binding sites. The binding of different
specific ligands to these sites in the cytoplasmic ‘tail’ domain modulates the channel
activity (Hou, et al., 2009). We proposed to isolate this protein using an affinity
purification approach. One of the most widely used affinity purification methods is
column chromatography. It is a direct and effective method to isolate low-abundance
proteins found in bio-products. Affinity purification involves the separation of molecules
in solution (mobile phase) based on differences in binding interaction with a ligand that is
immobilized to a stationary material (solid phase). A support or matrix in affinity
purification is any material to which a bio-specific ligand may be covalently attached.
BKca channel cytoplasmic segments number S7 through S10, (~ 800 aa),
comprise the ‘tail’ of the BK channel (Knaus, et al., 1995). As previously described, this
cytoplasmic extension contains two similar domains in tandem, known as ‘regulator of
channel conductance for the BKca channel (RCK1 and RCK2). It is believed that in the
tetrameric structure of the BKCa channel the RCK domains form a ring below the
membrane-bound permeation pore that gates the open and closed states of the channel
(Hou, et al., 2009). The RCK domains in the C-terminus of the BKca channel adopt a
specific folding, i.e. secondary structure known as a Rossmann fold. The Rosmann fold is
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a nucleotide binding motif found in enzymes , specifically those that bind nucleotides
such as NAD (Antoni, Bigio, Borri, Casagli, & Neri, 1983; Xia, et ah, 2002). Figure 9(b)
provides an schematic of NAD biding sites (dark blue a helixes) in the RCK structural
motif present in the cytosolic ‘tail’ of the BKca channel.
Preliminary findings from electrophysiological studies conducted in GH3 cells in
the Hessinger lab have observed that the BKca channel can be activated by 1 mM NAD
in inside/out patches under physiologic Ca2+ concentrations (100 nM), (Sokolov,
unpublished data). These and observations of others led us to propose that NAD is a
ligand that interacts physiologically with the Rosmann fold sites present in the
cytoplasmic ‘tail’ of the BKca channel.

Figure 9. Slo a subunit showing trasmenbrane domains and extensive intracellular
domain and Rossman fold structure. Segment 7 (S7) is contained in the RCK structure. B
shows a structural approximation of RCK based on that of E. coli and shows an
elaboration of the Rossman fold with NAD potential binding sites {dark blue helixes) and
hydrophobic domains in red, (Xia, et al., 2002).
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Enzymes that interact with NAD also often bind the dye Cibacron Blue and may
be purified by affinity chromatography on a column of Cibacron Blue-Sepharose (Antoni,
et ah, 1983). With that consideration, we hypothesized that Cibacron Blue-sepahrose
column would selectively bind the 70 kDa protein with would be eluted with a buffer
solution containing mM levels of NAD.

Materials and Methods
Buffers and Reagents
Blue Sepharose™ beads
Blue Sepharose™ beads CL-6B (Bioworld, Columbus, OH) was used as the solid
phase of our column chromatography experiment

SimplyBlue™ Safestain
SimplyBlue™ Safestain, (Invitrogen, Carlsbad, CA) was used to stain
polyacrylomide gels for visualization and mass spec analysis.

HEPES buffer
HEPES buffer consisted of 20 mM Hepes 99% (Elgin, IE) and 10 mM NaCl.

NAD buffer
NAD buffer consisted of 20 mM Hepes (Elgin, IE), 5 mM NAD (Sigma, St.
Louis, MO) and 10 mM NaCl at pH 7.4 and pH 6.4
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Tris-Buffered Saline (TBS) and Tween Tris Buffered Saline (TTBS)
TBS contained 10 mM TRIS-HC1, 150 mM NaCl, pH 7.4, ( Bio-Rad, Hercules,
CA), and the TTBS buffer contained 10 mM TRIS-HC1, 150 mM NaCl and 0.1% tween
(Bio-Rad). These bufferes were used to wash nitrocellulose membranes. TTBS was used
for membrane blocking unspecific proteins, (TTBS with 5% non-fat dry milk) and for
washing nitrocellulose membrane.

Lysis Buffer
Lysis buffer contained 10 mM TRIS-HC1, 150 mM NaCl; 500 mM NaCl, 0.5mM
EDTA, pH 7.4, and was used in conjunction with a protease inhibitor to lyse cells and
prepare homogenates; Triton was added to the lysates to a concentration of 1% in the last
2 experiments.

Laemmli Buffer
Laemmli Buffer consisted of 62.5 mM TRIS-HC1, pH 6.8; 2% SDS, 25%
glycerol, 0.01% bromophenol blue, 4% mercaptoethanol, (Bio-Rad, Hercules, CA) and
was added to samples on a 1:1 ration before loading into wells for SDS-PAGE.

Ponceau stain
Ponceau stain in 5% (v/v) acetic acid (Bio-Rad) was used to stain nitrocellulose
membrane to visualize protein bands.
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Trypan blue
Trypan blue had a dye content of 60% (Sigma Aldrich, St Louis MO) and was
used to die cells for counting with the hemocytometer.

Procedures

Gel Electrophoresis and Immunoblotting
Protein samples and standards were prepared in Laemmlli buffer (Bio-Rad,
Hercules, CA) and heated to 70°C for 5 min. Proteins were separated on a precast 10%
SDS Tris-HCl polyacrylomide Ready-Gel (Bio-Rad, Hercules, CA) for 1 hr and
transferred at 100 volts for 2 hr to 10 x 15 cm nitrocellulose membranes 0.45 pm (BioRad, Hercules, CA). Completion of transfer was verified by staining the membrane with
0.5% Ponceau solution for 5 min to detect presence of protein bands. The membranes
were blocked with 5% nonfat milk in TTBS buffer for 1 hr at room temperature (RT).
After blocking, the membranes were washed three times in TTBS followed by one wash
in TBS (10 min each wash). Membranes were then incubated overnight in a 1:500
dilution of primary antibody directed against a peptide from a BKca (custom made by
Invitrogen using peptide corresponding to conserved cytoplasmic domain, sequence aa
1184-1200 of mouse BKca). After appropriate washings, blots were incubated in a 1:3000
dilution of horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (BioRad, Hercules, CA) for 3 hr at RT. They were next washed three times in TBS for 10 min
each. Bands were visualized using a colorimetric HRP substrate system (Bio-Rad,
Hercules, CA) and photographed using a digital imaging system Fluo Chem™ 5500
(Alpha Innotech, San Leandro, CA). A sample of lysate from sheep brain tissue
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previously confirmed by Western Immunoblot to contain a BKca a peptide was used as a
positive control.

Affinity Assay
Small plastic 10ml Columns were prepared using Blue Sepharose™ beads CL-6B
(Biowolrd, Columbus, OH). Columns were washed in approximately 5 bed volumes and
equilibrated at 4° C over night in washing buffer (20 mM HEPES buffer, and 1 OmM
NaCl pH 7.4). One-ml sample aliquots were applied to the column. After the samples
were run the column, the column was washed with an equivalent of 8 bed volumes of
washing buffer. Bound protein was eluted with 2 bed volumes of elution buffer (20 mM
HEPES, 10 mM NaCl, 5 mM (3-nicotinamide adenine dinucleotide hydrate (NAD N7004
Sigma Aldrich, St Louis, MO), pH 7.4. Eluted fractions were used for immunoblotting
(below).

Mass Spectometry
LC-MS/MS identification of the 70 kDa protein was carried out by
nanoelectro spray on a Waters Q-TOF Ultima instrument (Walters Co, Milford
Massachusetts) hat was coupled to a phase A, 0.1% formic acid; mobile phase B, 0.1%
formic acid in acetonitrile) with a flow rate of 6pl/min was run through a splitter. After
splitting, a flow rate of ~300nl/min was run through a Waters nanao Cig column (150mm
X 75 pm) to the cone voltage were optimized for nanoelectrospray. The Q-TOF method
utilized consisted of a survey scan mode in the mass range from 300-1500 Da during
which up to three precursor ions were selected for parallel collision-activated dissociation
(collision gas, argon) analysis using an automated data-dependent MS to MS/MS and
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MS/MS-to-MS switching function. Precursor ion selection was based on a normalized
threshold of 10 counts/s, and ions of potentially modified peptides were preferentially
selected for MS/MS fragmentation. MS/MS experiments used a m/z-dependent collision
energy applied linearly from 20 to 42 V from m/z 300-15000. Product ion scans were
measured in the range from m/z 50 to 2000. The Q-TOF instrument was calibrated with
the MS/MS fragmentation ions of the peptide GLu-Fib, resulting in <20 ppm mass
accuracy for precursor ions when a lock mass was applied and ±0.02 Da for product ions.
Sequences were manually determined with the aid of the Mascot program (Matric
Science, Boston, MA).

Results
A total of 7 experiments using a Cibacron-Sepharose column (CSC) were
conducted. Results varied. In our first experiments the NAD eluates from the CSC were
analysed for protein content and electrophoresed by SDA-PAGE. Gels were stained with
mass-spec grade Comassie blue dye and visually assessed for the presence of a 70 kDa
band (Fig. 10). Imaging of the gel was done in the container to avoid breaking the gel. We
did not obtain good quality gel images due to technical difficulties the imager at first.
Nevertheless we could detect a weak 70 kDa band on the stained gels in the lanes that
corresponded with the NAD elution fraction. Additionally, the lanes on the gel containing
a 70 kDa band appeared clean and free of extraneous bands (Fig. 10). We cut out two of
the clearest 70 kDa bands from the gel and performed mass spec analysis according to the
procedure outlined in the methods section.
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Figure 10. Gel image after SDS-PAGE. Lanes 1 through 3 contains
buffered washes; lanes 4 through 7 contain successive NAD eluate
fractions; lanes 8 and 9 contains source lysate.

Mass Spec analysis of the two samples bands in the gel was not consistent with
the amino acid sequences for the BK channel. These results indicated a 71 kDa protein,
that showed similarity to procollagen type 1 , alpha 1 isoforme CRA_a from Ratus
norvegicus, the species in our GH3 cell line. However, this similarity represented a
sequence coverage of only 2%. One basic problem in our preparation of the sample for
MS was that the trypsin used in the digestion step was not ‘mass spec grade’.
Subsequent experiments using elutes from our CSC were unable to reproduce
previous results by SDS-PAGE. Proteins were transferred to a nitrocellulose membrane
and probed with our antibody. Figure 11 shows that the NAD elute fraction did not react
to the BK antibody we used.
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CIbacron Blue Affinity Column / NAD elution
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Figure 11. Immunoblot of Cibracon-Sepharose column elution fractions. Bands detected
are all 70 kDa. Lanes 1 and 2 source lysate control; lane 3 Elution fraction 1. Lane 4 and
5 control wash fraction. Lanes 6 -9, subsequent NAD elution fractions.

We decided to conduct a final affinity column experiment changing the pH of the
elution NAD buffer. Results reproduced our first successes with this affinity approach
and both wash and elution fractions were analyzed by SDS-PAGE and immunoblotting
procedure. Figure 12 shows the corresponding Western immunoblot for the collect wash
fractions (4-11) of unbound 70 kDa protein after our sample lysate was applied to the
Cibacron blue column. We also detected the 70 kDa protein in fraction # 3 of our
‘unbound’ wash and it has similar IDV values to #4. We suppose fractions 1 and 2 might
contain some of this protein as well but it needs to be verified.
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Figure 12. Immunoblot of Affinity Column showing unbound fractions (4-11) washed
from the column upon loading GH3 cells lysate.

Elution with the NAD buffer was done under a pH of 6.4. Collected fractions
were run on a SDS-PAGE gel and immunoblotted (Fig 13). The low pH NAD buffer was
effective in eluting the 70 kDa protein that stayed bound to the Cibacron blue dye used
in the column. We analyzed 8 out of the 11 fractions collected of the elution. All fractions
except the two first ones show the presence of 70 kDa protein in the immunoblot. The 4th
fraction seems to be the one containing the most 70 kDa protein as verified by the density
value of the 6th band corresponding to elution fraction # 4.
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Figure 13. Immunoblot of NAD elution fractions (1-8) from Cibacron Blue affinity
column

Discussion
We attempted to isolate a 70 k Da protein present in high-spin lysates of GH3
cells possibly corresponding to the ‘tail’ of the BKca channel by affinity column
chromatography. The ‘tail’ of the BK channel contains two RCK motifs characterized by
a Rossmann folds, which are NAD/NADP binding motifs. The dye Cibacron blue has a
high affinity for proteins containing Rossmann folds and has been used to affinity purify
proteins containing Rossmann folds (S. T. Thompson & Stellwagen, 1976). Cibacron
blue has been attached to various solid supports, such as sephadex, sepharose, and
polyacrylamide for column chromatography. We used a Cibacron blue sepharose column
(CSC) in an effort to bind the 70 kDa protein in our lysates. We attempted to elute our
protein with NAD, which, we reasoned, would compete for the immobilized Cibacron
blue at the site of the Rossmann folds.

65

Our first results relied on gels that were stained with Comassie blue and
visualized for the presence of 70 kDa bands. A 70 kDa protein was visible in our first and
second gels following application of the NAD elution buffer. In these gels, compared to
controls lanes 1,2) in which the 70 kDa control band appears surrounded by extraneous
unspecific proteins present in the lysate, the 70 kDa protein band in the elution fractions
(lanes 4 and 7) appeared as a clean band, arguing in favor of a protein band with a degree
of purification (Fig. 10). After loading the sample lysate, in these first experiments, the
CSC was washed with two bed volumes before beginning NAD elution. However, such a
volume can be considered too small. Proteins applied to a sepharose (i.e. agarose) column
likely enter the agarose bead matrix and undergo gel filtration due to their porous nature.
It is possible that the 70 kDa band that was seen on initial gels was due not to specific
NAD elution, but due to gel-filtration within the porous matrix of the spahrose. We used
cross-linked 6% agarose beads with a size exclusion limit of ~5,000 kDa. The porosity of
these beads will not exclude a 70 kDa protein but will allow it to enter the bead pores. Its
inclusion in the beads will follow diffusion rates of permeation ("Standard and Specialty
Bead Options," 2009). In our opinion, it is likely that the elution of the 70 kDa protein
resulted from gel filtration of the protein that entered the bead matrix after the elution
buffer was applied to the column. In subsequent experiments, however, elution with
NAD was preceded by the addition of copious washing volumes and ensured that all
unbound proteins were removed before commencing elution with the NAD buffer. This
was verified by the immunoblot (Fig 13).
Our observations also suggest that a change in the pH of the elution buffer
improves recovery of the 70 kDa protein that was bound to the affinity column after
adequate washing. Whether this is due to pH alone or to both pH and NAD is yet to be
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determined. On the other hand, if Cibacron blue alone was the factor retaining the protein
in the column, NAD competitive binding may have been solely responsible for the
recovery of the protein in the elution fractions (Fig 13).
Many factors may play a role in protein-dye interactions of an affinity column
such as charge-charge interactions or salt concentration, which would make the
interactions more dependent on pH gradients and affect elution conditions. We cannot
determine, at this point, which of these predominated in our experiment. The elations
performed using the NAD buffer at pH 7.4 consistently produced negative results as
verified by immunobloting (Fig. 11) whereas experiments using the NAD buffer at pH
6.4 produced positive results (Fig 13). It is possible that a pH dependence exists for the
elution of this Rossmann fold motif on the 70 kDa protein. In fact, others have reported
that, on heterologously expressed RCK2 domain of the BKca channel purified from Ml 5
cells, solubilization of the protein was done in a pH of 8.0 and elution with a pH of 5.9
(Yusifov, Savalli, Gandhi, Ottolia, & Olcese, 2008). We have not systematically tested
the effect of different pH strengths on the elution of this 70 kDa protein in a CSC.
Although the literature indicates that Rossmann fold motifs bind to Cibacron Blue
F3GA, we have not yet ascertained the affinity of this dye for our BKca ‘tail’ protein. In
Thompson’s early observations on the use of the Cibacron blue F3GA dye to elute
Rossmann fold containing proteins, NADH was more effective than NAD for displacing
the enzyme lactate dehydrogenase in Cibacron blue column matrix. This, however may
be specific to that dehydrogenase (S. T. Thompson & Stellwagen, 1976). Further
experiments could attempt to test an elution under different pHs or using an NAD column
and different salt concentrations for elution (Murray, 2003).
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In summary, our preliminary findings suggest that we have been successful in
eluting the 70 kDa BKca ot ‘tail’ protein from lysates of GH3 cells using an NAD/HEPES
buffer at a pH of 6.4 from a Cibacron blue sepharose column. Confirmation and
elucidation of these findings are yet to be determined.
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CHAPTER FOUR
IMMUNOPRECIPITATION APPROACH TO ISOLATING OF A
70KDA KCa ‘TAIL’ LIKE PROTEIN

Abstract
We have previously attempted to isolate a 70 kDa protein from high-speed GH3
cell lysate supernatants using a dye affinity column approach. The results were not
consistent at first and led us to seek isolating this protein using an immunoprecipitation
(IP) approach. Our IP experiment used two different antibodies, one monoclonal and the
other polyclonal. We were unable to immunoprecipitate this 70 kDa band. Our IP
method was able to precipitate the 125 kDa intact BKcaot subunit in sheep brain tissue.
Even though this 125 kDa subunit is present in our lysates it did not show up in the GH3
IP experiments. We presume the epitopes in this cell line are not available to either of the
antibodies used and may imply a possible problem with the conformational structure of
this protein in our high-speed lysate supernatant fractions

Introduction
In previous experiments we attempted to isolate a 70 kDa protein, thought to
correspond with the ‘tail’ of the BK channel using a Cibacron blue affinity column. That
approach did not at first generate consistent results. Consequently, we temporarily
abandoned the dye-affinity column approach used an immunoprecipitation approach to
purify this 70 kDa protein. We used two different antibodies (one polyclonal and the
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other monoclonal) raised against the BK channel. These that have been used to detect the
70 kDa protein in our western immunoblots. We proposed that these antibodies would be
able to both precipitate the 70 kDa protein from GH3 cell lysates and be used for
subsequent blotting. With this in mind, we conducted five immuno-affinity purification
experiments using these antibodies. Imuno-precipitation (IP) is usually performed in a
microcentrifuge tube with an antigen-containing sample using of Protein A or Protein G
agarose or sepharose plus antibody. The beads are pelleted by centrifugation after each
washes and elution steps and the supernatant is collected. The eluted sample should
contain both antigen and antibody as revealed by reducing gel electrophoresis and
western immunoblot analysis. Thus, the eluted sample should yield both the protein
being investigated as well as the antibody’s chain protein fragments.

Materials and Methods
Buffers and Reagents
Phosphate Buffered Saline (PBS)
PBS contained 2.7 mM potassium chloride; 137 mM sodium chloride, 100 mM
sodium phosphate, 2 mM potassium phosphate, pH 7.4. PBS with added protease
inhibitor, Complete Mini, (1 tablet in 10 ml of buffer), was obtained from Roche
Diagnostics (Mannheim, Germany), was used to wash bead/antibody sample complex.

Tris-Buffered Saline (TBS) and Tween Tris Buffered Saline (TTBS)
TBS containedlO mM TRIS-HC1, 150 mM NaCl, pH 7.4, ( Bio-Rad, Hercules,
CA), and the TTBS buffer contained 10 mM TRIS-HC1, 150 mM NaCl and 0.1% tween
(Bio-Rad). These bufferes were used to wash nitrocellulose membranes. TTBS was used
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for membrane blocking unspecific proteins, (TTBS with 5% non-fat dry milk) and for
washing nitrocellulose membrane.

Lysis Buffer
Lysis buffer contained 10 mM TPJS-HC1, 150 mM NaCl; 500 mM NaCl, 0.5mM
EDTA, pH 7.4, and was used in conjunction with a protease inhibitor to lyse cells and
prepare homogenates; Triton was added to the lysates to a concentration of 1% in the last
2 experiments.

Laemmli Buffer
Laemmli Buffer consisted of 62.5 mM TRIS-HC1, pH 6.8; 2% SDS, 25%
glycerol, 0.01% bromophenol blue, 4% mercaptoethanol, (Bio-Rad, Hercules, CA) and
was added to samples on a 1:1 ration before loading into wells for SDS-PAGE.

Ponceau stain
Ponceau stain in 5% (v/v) acetic acid (Bio-Rad) was used to stain nitrocellulose
membrane to visualize protein bands.

Antibodies
Anti-BK mono-clonal antibody, from clone L6/60 (Neuromab, UC Davis, CA),
which binds to amino acid residues 729 to 930 and and Anti-BK Polyclonal
custom made (Invitrogen, Carlsbad, CA), against amino acids 1184-1200 were used for
incubation with the sample lysate and precipitation of the 70 kDa protein.
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Proteins A Sepharose
Protein A Sepharose (PI406 Sigma Aldrich, St Louis, MO) was used to prepare
the bead slurry for the binding of the antibodies in immunoprecipitation.

Procedures
Immunoprecipitation
Preparation of protein A Sepharose beads
Immunoprecipitation was carried out using a protocol from Cell Signaling
Technologies (www.cellsignaling.com ) and based on previous publications (Klenova,
Chemukhin, Inoue, Shamsuddin, & Norton, 2002; Misonou & Trimmer, 2005). Protein A
Sepharose beads (0.1 gm dry weight) were swelled in 1 ml of ice cold PBS. Swollen
beads were incubated overnight at 4° C on a rotating platform and washed 3 times the
next day by centrifugation at 14,000 x g for 30 sec at 4° C. Beads were re-suspended in
PBS to a 1:1 (v/v) slurry for use in a final volume of 800 pi.

Pre-clearing of cell lysates
Samples were pre-cleared to remove proteins that bind non-specifically to protein
A beads by incubating one volume of the (1:1) bead slurry to 5 volumes of sample lysate
for 30 min. Samples were washed by centrifuging at 14,000 x g for 30 sec . Pre-cleared
lysate was collected and placed on ice until used.

Precipitation
Pre-cleared lysates (500 pi) in a concentration of Ipg/pl were incubated overnight
in the cold with antibody in the following dilutions: 1:40 for polyclonal antibody and 1:
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50 for monoclonal antibody. Subsequently, 1 volume of protein A bead slurry (1:1) was
added to 5 volumes of lysate/antibody and this complex was incubated overnight with
rotation. Afterwards the mixture (lysate/ protein A bead slurry/antibody) was washed 5
times in cold PBS with protease inhibitor (14,000 x g) for 30 sec at 4° C. The first washe
was saved for use on SDS-PAGE. The adsorbed inmmuno-precipitation products were
eluted from beads with equal volumes of Lammaeli buffer and heated for 3 min at 95° C.
The eluted immunoprecipitate was separated by SDS-PAGE on 10% gels. Proteins were
transferred to a nitrocellulose membrane (BioRad, Hercules CA), and immunobloted as
described in chapter 2.

Results
Figure 14 shows an immunoblot from an IP experiment using our polyclonal antiBKa antibody. The 70 kDa protein band is not seen on the IP fraction (lane 3). 70 kDa
bands can be seen on the control source lysate (lane 1), and in the lane corresponding to
the wash, or unbound (lane 2). The 125 kDa protein seen on lane 2 corresponds to the
BKca oc subunit. Lane 4 corresponds to an IP fraction. The bands around 50 kDa seen in
the wash , and IP lanes 2, 3 and 4) are the polyclonal antibody heavy chain. To ascertain
that these 50 kDa bands were indeed primary antibody, we cut lane 4 off the membrane
and probed separately with secondary antibody only. The bands on that lane are
equivalent with the other 50 kDa bands in the lanes 2 and 3.
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Figure 14. Western Immuno blot using Polyclonal antibody as both the precipitating and
the immunoblot probing antibodies. Control lysate (lane 1), Wash or unbound control
fractions (lane 2), IP experiment fraction (3), IP fraction in which membrane was probed
separately with secondary antibody only control (4). The 125 kDa BK a subunit (lane 2).

We conducted the same experiment using our monoclonal antibody (Fig. 15).
Similarly to the results obtained with the polyclonal antibody, a 125 kDa protein band
and a 70 kDa protein band are present in the control wash (lanes 1, 2) and absent on lane
3 (IP). Control lysate was not used in this experiment. A faint band around 125 kDa n the
IP (lane 3) may correspond to the intact BKa subunit. Lane 4 confirmed our suspicion
that the bands observed at the 50 kDa mark and bellow correspond to the heavy and
light chain of the mono-clonal antibody and not to protein. We cannot explain why all
the antibody fragments that appear on lane 3 are not present on lane 4 where probing was
done with only the secondary antibody.
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Figure 15. Immunoblot using the monoclonal antibody as both the precipitating and
immuno-probing. Control unbound (1,2); IP experiment (3, 4), Control using secondary
antibody-only.

To validate our IP method we performed an experiment using freshly isolated
adult sheep brain tissue, known to be rich in BKca channels, with the intent to isolate the
125 kDa intact channel protein in these samples, Fig. 16 (Lanes 1-6). On the same gel, we
also ran a sample containing GH3 lysate high speed supernatant to see if the IP could
precipitate our 70 kDa protein. Immunoblot probing was done using our polyclonal
antibody. The 125 kDa protein bands (lanes 3 and 4) correspond to the intact BKca
channel in sheep brain tissue precipitated with the monoclonal antibody in our IP
experiment. The unbound fraction (lane 1) did not show a clear band and tells us that
most of the 125 kDa protein was bound to our protein A bead/antibody before elution.
Our GH3 sample showed a faint 70 kDa band on the control lysate fraction (lane 7) and
none in the IP eluate fractions.
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Figure 16. Immunoblot of sheep brain. IP fractions. Lane 1 shows sheep brain control
solubisilate. Lanes 2, unbound (wash). Lanes 3 -6 IP eluate. Lane 7 GH 3 control lysate
and lanes 8 and 9 the eluate from GH3 lysate IP. Dark bands at 50 kDa correspond to the
the polyclonal antibody heavy chain fragments.

Based on our positive experience using Triton X-100 we conducted IP experiment
with a GH3 cell lysate sample (500 pg total protein) using our monoclonal antibody.
Results shown in Fig. 17 demonstrate that the unbound fraction (lane 4) shows a 70 kDa
band that is comparable with the bands for the source control lysate (lanes 1 and 7).
ID Vs for the source lysate 70 kDa bands are 54 xlO6 and 37 xlO6 (lanes 1,7) and 44 xlO6
for unbound/wash, (lane 4). Capturing of the native 70 kDa protein by our monoclonal
antibody in the lysate was not effective and did not yield any bands in our immonoblot.
Dark bands observed below the fourth mark of our ladder correspond to the heavy and
light chains of the antibody used. Thin bands shown between the second and third marks
in the ladder correspond to the 125 kDa protein, the intact BK channel present in these
cell lysates.
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Figure 17. GH3 cell lysate IP immunoblot. Lanes 2 and 7 show control lysate fractions.
Lane 4, unbound fraction. Lanes 3, 5-9 are different loading volumes of the IP eluate.

Discussion
We endeavored to isolate a 70 kDa protein detected in high speed supernatant
fractions of GH3 cell lysates using an immunoprecipitation (IP) approach. Several
experiments were conducted and different non-ionic detergents agents were used (0.1 %
Tween-20 and 1% Triton X-100). Results from immunoblotting failed to detect our
presumed 70 kDa BK ‘tail' protein in eluate fractions regardless of the detergent used in
the IP buffers. Using an IP buffer containing 1% Triton X-100 we demonstrated that, our
IP experiments were successful in precipitating the whole BK channel protein of 125 kDa
in sheep brain tissue, (Fig 16). Using the same buffer with our GH3 cell lysates, however,
immunoprecipitation of the 70 kDa protein did not occur, as verified by the IP eluate
lane of our immunoblot (Fig 17). Based on these failures, we question whether the
epitopes of the 70 kDa protein we investigate is available for binding any of our
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antibodies in these GH3 cell lysates. This conjecture is partly based on the fact that
results were equally negative either a monoclonal or a polyclonal antibodies, yet under
denaturing condition for SDS-PAGE both antibodies were effective in detecting the 70
kDa protein.
This raises suspicions regarding the folding structure that this protein might
undergo once it is cleaved from its membrane bound segment. The 70 kDa protein BK
channel ‘tail’ protein may be detached from the membrane bound, pore-forming subunit,
during our extraction procedure. This would, in part, explain its apparent abundance in
our GH3 cell lysates after extraction. An unknown protease may be involved in this
cleavage. The disruption of cell compartments during the lysing process may expose the
‘tail’ of the BK channel in these cells to the activity of proteases that our protease
inhibitor cocktail does not inhibit. It is plausible to speculate that, detachment of a
soluble protein segment from its membrane bound subunit can can alter its native
conformation and be responsible for inducing aberrantly folded protein species. The
disruption of the reducing environment of the cytosol to an oxidative environment can
trigger the formation of disulfide bonds which would reshape the structure of protein.
Theoretically changes in the ultra structure of a protein could interfere with epitope
detection by antibody.
In summary, our IP experiments confirmed the ability of our method to
precipitate the 125 kDa protein corresponding to the intact BKca oc subunit. However, we
were unable to immunoprecipitate the 70 kDa protein. Surprisingly we have found 125
kDa proteins corresponding to the whole channel even in our high speed, ‘membrane
free’ lysate fractions.
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CHAPTER FIVE
DISCUSSSION

The large conductance, voltage and calcium activated potassium channel
(BKcaU) is found in multiple mammalians cell types. Its ubiquitous distribution in
different tissues ascribes to it important biological functions such as sensory/neuronal,
excitability, intracellular signaling, and metabolism. Of note is that it functions as a
rheostat in excitable cells, effectively gating the excitability of the cell and responding to
it by quick adjustments in membrane potential. The channel’s long cytoplasmic extension
integrates an interactome which comprises a network of associated proteins expanding in
a fast pace the repertoire of biological processes in the cell involving the BKca channel
activity. Proximally this BKca ot extension is replete with Rossman fold motifs contained
in the two Regulator of Conductance for potassium (RCKi and RCK2) thought lie in
tandem under the membrane bound permeation pore forming a ring that modulates the
open states of the channel thus affecting K+ efflux. The range of different identified
motifs present in the cytoplasmic ‘tail’ of the BKca now includes multiple Ca binding
sites, Leucine Zipper motifs (LZ), three putative zinc binding motifs, multiple
phosphorylation sites and a heme binding motif 612CAKCH616 found in the linker region
between RCKI and RCK2. These sites are known to allosterically regulate channel
activity and have been studied using through electrophysiological studies,
immunocytochemistry and site directed mutagenesis.
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The presence of a heme binding motif and the observation that it has a modulatory
effect on the channel decreasing its open probability in more negative voltages, has raised
questions regarding physiological role of this heme group in the channel regulation as
well as its role in binding diatomic gases such as NO, CO and O2 and the physiological
correlations between BK channel gas binding sites and oxygen sensing in excitable cells.
Our lab was interested in investigating the heme interactions with different gases
in the BKca. The coupling of heme with different gases could induce conformational
changes in the changes in the spectral profile and these can be correlated to changes in
the channel’s voltage dependence under the same conditions, in electrophysiological
studies. Do accomplish that it is necessary to isolate the ‘tail’ of the BKca channel in
solution. This can be done by expressing the tail domain heterologously in a cell type,
followed by purification and preparation of solutions containing the pure protein species.
Cloning of this ‘tail’ protein was not deemed possible with the tools available to the
investigator at this point. We though an alternative would be to find this ‘tail’ protein
already cleaved in a cell line. This was the case with GH3 cells when in 2005 a 70 kDa
protein was detected in immunoblots of these cell cells lysates that reacted with our antiBK C-terminus antibody. The molecular weight of the 70 kDa protein corresponded
closely to the ‘tail’ domain of the BKca channel. Therefore this project was concerned
primarily with extracting this protein from these lysates and purify it for further
biochemical studies and characterization. The plethora of studies interested in studying
different properties and behavior or specific BKca ‘tail’ domains have used heterologous
expression systems and subsequent purification by using tagged markers. To our
knowledge we are the first attempting to isolate the native protein in a cell type with the
aim of testing specific binding motifs biochemically.
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Protein purification of this 70 kDa protein from GH3 cell lysates using an
immunoprecipitation (IP) approached proved, surprisingly, unrewarding. We used both a
monoclonal and a polyclonal antibody and followed standard immunoprecipitation
protocols. We tested the validity of the protocol by conducting an IP experiment using
sheep brain tissue and successfully demonstrated the appearance of 125 kDa bands
corresponding the intact a subunit present in precipitated fractions. Despite the results
with sheep brain tissue and utilization of other solubilizing agents, neither antibody was
able to precipitate this ‘cleaved’ 70 kDa protein as we expected. We are uncertain about
the state of the epitopes of this protein in its native state, and its availability to interacting
with the anti-BK antibodies we have. The repeated lack of positive results from the
immunoprecipitation raises questions regarding abnormality in the folding of this
protein. It is plausible to suspect that because of the complex network comprising the
interactome of the BKca tail (over 40 proteins partners identified, so far), upon cleavage
of the ‘tail’ domain from the membrane bound domain some conformational change may
occur which may modify the proteins immunogenicity. It is highly possible that this
cleavage occurs during our lysate preparations and an unknown protease has been
suspected by Knaus who observed BKca ot tai fragments both in GH3 cells and others cell
lines (see chapter 4).
Our second approach to isolate this protein based on a Cibacron blue column with
NAD elution was predicated on the binding affinity of the RCK motifs Rossmann folds to
these compounds. The visualized protein in immunoblots done with the elution fractions
are promising for the idea of purifying the C-terminus of the BKca channel. The elution
was gradual spanning over 3 ml of elute. Despite the immunoblot results, our findings are
still preliminary. Reproducing this experiment under similar conditions is necessary to
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ensure its reliability. Additionally, we need to test whether the elution of the 70 kDa from
Cibacron blue sepharose matrix is pH depndent or not. One way of doing this is to use the
same washing buffer with low pH without NAD for elution. This is an important steps
and, if proved successful, it would allow us to quantify the protein eluted, which is now
impossible with our protein assay spectrophotometric method. A high salt content buffer
for elution could also be attempted and would similarly allow for comparison of protein
content eluted to see if there are differences in protein content between methods.
Conversely McCarteny demonstrated that even though sensitivity of the channel to
hypoxia sensed within the C-Terminus domains, in STREX insert variants, a highly
conserved cysteine rich motif is a potent CO receptor. This observation has recently
received support by Brazier et al. Using site-directed mutagenesis they demonstrated that
CO sensitivity of BK was significantly reduced (from CE50 ca. of 50pM to CEsoof
lOOpM) by cysteine residue C911G mutation. The data highlight that a single cysteine
residue seems crucial to activation of the channel by CO. Binding of CO is suggested to
happen by metal dependent co-ordination characteristic of several enzymes such as CO
dehydrogenase (Brazier, et al., 2009).
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